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ABSTRACT 
The results of photometric observations of bright stars in six 
southern globular clusters and M22 are presented. Photoelectric-UBV 
observations we r e made for bright stars in 47 Tue (161), NGC 3201 (78), 
M4 (32), M55 (49) and w Cen (94). Stars in 47 Tue and NGC 3201 were 
calibrated with UBV-plates, and stars in the other clusters with BV-plates . 
Three cluste rs, NGC 3201, M4 and M55 were measured over the whole cluste r 
regions. Altoge ther about 4700 stars in the seven clusters were mea sured 
photographically . For the four clusters, 47 Tue, NGC 3201, M4 and M55 
the detailed color-magnitude diagrams were obtained, and the reddenings 
and metal abundance parameters were derived. The spatial distribution of 
the stars in these clusters are discussed in detail and ·the luminosity 
functions of the stars in each branch are compared with theoretical ones. 
Gaps and clumps a l ong the red giant branch and blue horizontal branch in 
the color-magnitude diagrams are examined. The helium abundances of the 
clusters were de rived using the R-method: they are all greate r than 
Y = 0.3 if serniconvection is excluded. w Cen, its photoe l ectr i c r e sults 
demons trating the spread in the red giant branch, and NGC 6752, which was 
observed down to the main sequence with a well defined color-magnitude 
diagram, are beth briefly discussed. The preliminary results for M22 are 
presented with the color-magnitude diagram in the Appendix. 
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CHAPTER 1 
THE UNDERSTANDING OF THE C-M DIAGRAM OF 
GLOBULAR CLUSTERS 
1. INTRODUCTION 
1 
Color magnitude (C-M) diagrams for globular clusters were first 
investigated by Shapley (1930); Greenstein (1939) and Hachenberg (1939), 
but their importance was not appreciated until Baade's discovery of 
Population I and II in 1944. In Baade's scheme, globular cluster stars · 
occupied a crucial position as prototypes of pure Population II, and 
their observation became a matter of great importance. It was consider-
ably -helped by developments around 1950 in photoelectric and photographic 
photometry, which for the first time made it possible to measure the 
colors and magnitudes of faint stars with some accuracy. C-M diagrams 
for a number of the clusters were measured by Arp et al . (1953). 
By 1955 the existence of their main features - giant branch, 
horizontal branch, variable star gap and so on - was well established, and 
it was clear that the C-M diagrams for the seven nearest clusters were 
remarkably similar . There were definite differences, some of which 
correlated in a general way with the appearance of spectra, either of 
individual giants or of the integrated light of whole clusters, and it 
was soon seen that these differences corresponded to differences in metal 
abundance, or various degrees of metal deficiency, because it was also 
clear that metals were much less abundant in globular clusters than in 
the sun. 
Meanwhiie evolutionary theory had made considerable progress, 
culminating in the famous paper of Hoyle and Schwarzschild (1955), which 
2 
gave the first convincing picture of the nature and evolutionary status 
of the red giants, and showed incidentally that globular clusters were very 
old objects indeed. Since then theory and observation have interacted with 
each other closely. This interaction has been particularly fruitful in 
the comparisons between theoretical and observed C-M diagrams. C-M diagrams 
have on one hand provided some searching tests of theoretical computations, 
and on the other tell us a great deal about the properties of individual 
cluster stars. It is with these aspects of C-M diagrams that this thesis 
is concerned. 
Briefly, the objective of the thesis is to determine as accurately 
as possible, by a combination of photoelectric and photographic photometry, 
C-M diagrams for six of the nearer globular clusters. The observations 
were made in the U, Band V-bands, to about V = 16m, and extend in all 
cases to below the horizontal branch, (HB) so that a considerable amount 
of information is made available. The results are discussed in terms of 
existing theories. 
Section 2 sununarizes existing work on globular clusters, with 
emphasis on the observational parameters which will be discussed here. 
The thesis outline is described in Section 3. The following chapter 
describes the observational and reduction procedures. The remaining 
chapters describe the results on the chosen clusters: NGC 104 (= 47 Tue), 
NGC 3201, NGC 6121 (= M4), NGC 6809 (= M55) and NGC 5139 (= W Centauri) 
and NGC 6752. Some work on M22 is also described. 
2. 
(a} 
REVIEW OF SOME CHARACTERISTICS OF THE C-M DIAGRAM OF 
GLOBULAR CLUSTERS 
Main Sequence 
3 
The accurate observations of the main sequence in globular clusters 
are important because they provide the only means by which we can determine 
cluster ages, and also supply essential information about distances. 
However, the observations are usually difficult, that is, they need the 
largest telescopes, best equipment, and even then they are possible only 
for the nearest clusters. Since the first observations of the main 
sequences in M92 (Arp et al. 1953) and M3 (Sandage 1953), 11 globular 
clusters have been observed down to the main sequence with the increased 
accuracy of photoelectric photometry. These are M92 (Sandage 1970), 
M3 (Johnson and Sandage 1956; Sandage 1970), Ml3 (Baum et al. 1959; Sandage 
1970),MlS (Sandage 1970), MS (Arp 1959, 1962), M71 (Arp and Hartwick 1971), 
47 Tue (Tifft, 1963; Hartwick and Hesser 1974), NGC 6752 (Cannon and Lee 
1976); and less completely M2 (Arp 1959), w Cen (Belserene 1959; Cannon 
and Kontizas 1974) and NGC 6397 (Eggen 1960). 
Problems arose when it came to determining moduli for clusters by 
main sequence fitting in the usual way. The cluster stars were metal-poor, 
and it was soon recognized that their nearest galactic counterparts were 
the subdwarfs, also metal poor. Enough trigonometric parallaxes were 
known for the subdwarfs to make it clear that they lay below and/or to 
the left of the standard Hyades main sequence. There were two reasons 
for this - the positions of the theoretical main sequence in the (log L, 
log Tef(-plane depended on the abundances (Copeland et al. 1970), and 
because of differential line blanketing, the relation between Teff and 
(B-V) (or U-B) also depended on metal abundance. The reason for this 
latter effect is that metal lines, which obstruct the outward flow of 
radiation, crowd up increasingly as we go into the ultraviolet. At the 
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same time the photosphere is heated by the obstructed radiation (back-
warning effect). The net effect is that if two stars, one metal-normal, 
the other metal-deficient, have the same (B-V), the metal deficient star 
will be brighter in U. 
This ultraviolet excess however provides a valuable and easily 
determined measure of metal deficiency. Sandage and Eggen (1959) and 
Wildey et al. (1962) have also shown how it could be used to "correct" 
the position of a metal-deficient star in a C-M diagram. Given (B-V) and 
the ultraviolet deficiency, they gave a method for calculating the (U-B), 
(B-V) and V which the star would have if its photosphere had normal metal 
abundance. Their corrections moved subdwarfs onto the Hyades main sequence, 
and when applied to cluster stars, enabled them also to be fitted to the 
standard main sequence. The most recent accounts of the ·method are those 
of Sandage (1970) and Arp and Hartwick (1971). 
Recent theoretical work (Simoda and Iben 1968; Iben and Rood 1970; 
Demarque et al. 1971) makes it possible to derive the age of globular 
clusters using the turnoff characteristics. According to the theoretical 
model calculations, the luminosity and color at the turnoff are highly 
sensitive to the metal abundance variation; as the z abundance increases, 
the luminosity and effective temperature at the turnoff decreases; and 
the age of clusters increases with decreasing z for a given luminosity and 
effective temperature at the turnoff. Therefore, for a given chemical 
composition, the age of a cluster decreases with increasing turnoff lumin-
osity or turnoff effective temperature. For two clusters with the same 
age and the same Y, the cluster with the higher z will have the fainter 
and redder turnoff point in the H-R diagram. 
Recently Sandage (1970) derived the ages of four clusters, M3, Ml3, 
Ml5 and M92 using the turnoff luminosity which is given as functions of Y', 
Zand age in theoretical models. 9 . h They are close to 11.5 x 10 years wit 
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a spread of 1.5 x 10 8 years, as required in the rapid galactic collapse 
model by Eggen et al. (1962). It was also suggested by Sandage (1970) 
that the observed turnoff luminosities of other globular clusters are 
nearly the same value, M ~ 4.0 and the chemical compositions Y and Z are 
V 
not much different from those found in his four clusters; therefore the 
ages of the clusters will be approximately the same. 
(b) Giant Branch 
The dependence of the slope of globular cluster giant branches on 
chemical composition has been known from the early photoelectric and 
photographic observations (Johnson and Sandage 1955; Arp 1955) and 
theoretical studies (Sandage and Schwarzschild 1952; Hoyle and 
Schwarzschild 1955). Sandage and Wallerstein (1960) defined a parameter 
6V as the magnitude height of the red giant branch (RGB) at the HB level 
and read at the reddening free color, (B-V) = 1.4. They showed for 16 
0 
globular clusters that 6v is correlated with the direct abundance indicators, 
i.e. spectral types, the mean period of Bailey a, b type RR Lyrae stars 
(Preston 1959) and to the HB distributions. Spectral types had been 
measured especially by Morgan (1959) who assigned globular clusters to one 
of eight metallic-line groups; Group I includes the extreme weak-lined 
clusters and Group VIII the strong-lined clusters. 
If 6v decreases and the absolute magnitude of the RGB is fainter 
as one proceeds from Morgan Group I to Group VIII globular clusters, it 
is expected that the intrinsic color of the RGB at the HB level will 
become redder with decreasing 6V. Sandage and Smith (1966) defined this 
color, (B-V) and showed from 13 globular clusters that (B-V) o,g o,g 
correlated with other abundance indicators such as spectral type and the 
ultraviolet excess (Arp 1955). In other words, the weaker the metal lines 
in thespectrumthe larger is the parameter 6V and also the bluer is 
(B-V) 
o,g 
However, the anomalous C-M diagrams of NGC 7006 (Sandage and 
Wildey 1967) and NGC 362 (Menzies 1967) have raised complications, in 
the sense that these two C-M diagrams violate the known correlation 
6 
between the HB distribution and the metal abundance. Actually before the 
observations of these clusters, the anomalous HB distribution (only blue 
horizontal branch (BHB)) of Ml3 had led Sandage and Wallerstein (1960) to 
suggest that a ~econd parameter, the age (Arp 1959), could produce a 
BHB in Ml3 with a slightly less mass. Faulkner (1966) and Faulkner and 
Iben (1966) showed how the critical redward turning point of HB stars, 
and the increase of the gap between the red end of the red horizontal 
branch (RHB) and the RGB, both depended on helium abundance. These could 
explain why the gap in the C-M diagram of NGC 7006 is narrower than that 
in M3 ,_ and led Sandage and Wildey to suggest a second parameter could be 
helium abundance, possibly varying with age. According to this suggestion 
Rood and Iben (1968) showed in their "slow" collapse model of the galaxy 
that age differences of the order of a billion years among the globular 
clusters might account for the anomalous C-M diagrams in the sense that 
NGC 7006 is 1-2 billion years younger than M3 for the same chemical 
composition (Rood 1973). 
Demarque and Geisler (1963) constructed theoretical evolutionary 
tracks of Population II red giant stars, which showed that the slope of 
the RGB becomes less steep and the RGB moves redwards either if Z is 
increased, mass and Y remaining fixed, or if Y is decreased, mass and Z 
fixed. The changes are much smaller with decreasing Y than with increas-
ing Z. This means that for two clusters with certain different combina-
tions of Zand Y the RGB's can intersect each other r e sulting in, 
for instance, larger ~V and smaller (B-V) for one cluster and opposite 
o,g 
values for the other cluster. This effect is clearly shown in figure 1 
where some observed typical RGB's are plotted. After all this reflects 
3 
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FIG. 1. - The distribution of the mean red giant branches of globular 
clusters in the C-M diagram. The color (B-V) 0 g is the reddening free 
color of the giant branch read at the HB level: and 6v is the magnitude 
height from the HB . The areas of three metal groups of the RGB distribu-
tion are indicated as A, Band C. The magnitude range of the RGB 
distribution read at (B-V) 0 = 1.4 is 6(6V) = 1~9, and the color range is 
6(B-V)
0 
g = 0~32. More detailed explanations of this figure a re given 
in Chapter 8. 
m 
1·9 
...., 
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that ~V and (B-V) are a function of both Zand Y for the same mass as 
o,g 
shown in theoretical model calculations. More recent isochrones of the 
RGB's (Demarque and Mengel 1973; Rood 1972) also show the same effects. 
The dependence of the RGB slope on Z and Y abundances was taken 
into account in Hartwick's (1968) two-dimensional classification scheme 
of globular clusters, using two parameters (B-V) and S. The latter 
o,g 
is defined as the slope of the RGB between the HB level and a point 
m 
on the RGB 2.5 above the HB level (i.e., S = 2.5/~(B-V)). In his scheme 
he could show some correlation of the morphology of the C-M diagram with 
the combination of Y and Z abundances. A metal rich cluster 47 Tue 
belongs to the very high metal abundance and very high helium abundance 
group in his scheme. However from their recent observation of the main 
sequence of 47 Tue, Hartwick and Hesser (1974) derived low helium 
abundance, Y = 0.23 + 0.10. It should be noted that in the two-dimensional 
scheme the reddenings derived from the integrated color of clusters were 
used and the very late type clusters have ~V less than 2~5 from the HB 
level as shown in figure 1. 
The fine structure of the RGB, in the shape of gaps and clumps in 
Ml5 was first shown by Sandage et al. (1968). In particular there was a 
m gap at -0.9 above the HB l evel. They suggested a non-uniform rate of 
evolution along the RGB. This problem was inunediately investigated by 
Iben (1968), who obtained a clump near the observed gap position. This 
clump is explained by a track which crosses a small luminosity interval 
three times, up-down-up, because of a discontinuity in the hydrogen 
distribution. On the other hand Demarque et al. (1972) could produce a 
gap at the observed gap position as well as mild clumps just below and 
above the gap from their "fast rotating core" model. This gap is 
explained by a sudden increase in luminosity when the hydrogen-burning 
shell passes through a discontinuity in the pressure gradient produced 
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by a discontinuity in the angular velocity. In Rood's (1972) recent red 
giant models, a clear clump also appears in a high Z-model. The above 
discussions about gaps and clumps are based on the evolution of red giant 
stars which show some change in evolutionary rate. However, Iben (1972) 
has suggested that gaps and clumps could reflect differences in star 
formation time and in initial mass distribution of stars in globular 
clusters. 
The close examinations of the published C-M diagrams show gaps and 
clumps along the RGB as well as the BHB although the statistical signific-
ance cannot be easily tested. Recently Walker (1972) obtained the C-M 
diagram of the metal poor globular cluster NGC 2257 (Gascoigne 1966) in 
the Large Magellanic Cloud, and found a clear gap in the RGB at the HB 
level. This C-M diagram also reveals an anomaly like Ml3 in the galaxy. 
Furthermore Newell and Graham (1976) pointed out the importance of 
detailed structure of the RGB for the understanding of the gaps and 
clumps along the RGB. 
The RGB is usually sharply defined. However this is not true in 
the case of w Cen. The early study of w Cen (Dickens and Woolley 1967; 
Geyer 1967) shows an abnormally wide RGB, and this is also shown in the 
recent photoelectric observations by Cannon and Stobie (1973}, who con-
cluded that the spread of the RGB is intrinsic rather than due to differ-
ential reddening across the cluster. 
Freeman and Rodgers (1975) found differences in the Ca abundance 
from spectroscopic observations of thew Cen RR Lyrae stars. They assumed 
that these differences were not due to mixing, but rather to an intrinsic 
chemical inhomogeneity of the cluster. Norris and Bessell (1975) however, 
found a range of CN strengths from photoelectric observations and spectra 
of 28 giant stars near the HB level in w Cen, although their spectra of 
these red giant stars did not shew apparent general enhancement of the 
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heavy elements. Therefore they suggested a mixing process in the cluster 
stars, perhaps as suggested by theoretical computations by Rood (1970), 
and observations of CH stars by Bond (1975). A similar but much smaller 
spread of the RGB near the giant tip is seen in the C-M diagrams of NGC 3201 
and M4 in this thesis. 
(c) Horizontal BPanch 
The morphology of the HB in the C-M diagram, especially in late-
type clusters, is important for what it tells us about the post-helium-
flash stage of stellar evolution, and also for the opportunities it 
provides of finding a second parameter which together with the Z abundance,· 
will give a complete classification scheme for the morphology of globular 
cluster C-M diagrams. 
fn the HB one clear feature is the instability strip. Arp (1959) 
showed that the RR Lyrae gap in MS is wider than in M3, and in particular 
m the red side of the MS gap is 0.08 wider although some portion of the differ-
ence in the gap size could be explained by differential line blanketing 
between the two clusters. Recently from accurate data for M3, Ml3, MlS 
and M92, Sandage (1969) showed that the instability strip of globular 
cluster RR Lyrae stars lies between (B-V) = 0.17 and 0.43, after the 
0 
observed stars had been corrected for reddening and line blanketing. 
Actually the intrinsic color of the blue edge has been used for the 
estimate of the foreground reddening of globular clusters. 
According to pulsation theory, the color of the blue edge of the 
instability strip is determined by its luminosity, helium abundance and 
the mass of the bluest RR Lyrae stars in the globular clusters (Christy 
1966, 1970; Iben 1971; Gross 1973). However the red edge is not yet 
accounted for theoretically (Iben 1972). From the observations of the 
transition period corresponding to the shortest fundamental period the 
absolute magnitude of RR Lyrae stars can be determined. According to 
Dickens (1970) the absolute magnitudes, M of the RR Lyraes in nineteen 
vr 
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globular clusters,are divided into three groups according to the Deutsch-
Kinman Groups (Kinman 1959); M 
vr 
m 
= 0.96 for A, M 
vr 
= 0~69 for Band 
M = 0~51 for the C Group which includes very metal-weak lined clusters. 
vr 
M in Oosterhoff (1959) Group II clusters which are very metal-weak 
vr 
lined and have the mean period of Bailey a, b type RR Lyraes, F b > 0~6 
a, 
is -0~2 brighter than in Oosterhoff Group I clusters which are slightly 
d 
metal-weak lined and have P b < 0.6. This magnitude difference is a 
a, 
consequence of the pulsation model, P(<p>)~ = constant (Sandage 1958). 
However Albada and Baker (1972) pointed out that in Rood's (1970) model 
of zero-age horizontal branch (ZAHB) stars Oosterhoff II clusters are 
less luminous because the luminosity of the ZAHB decreases slightly with 
decreas~ng Z abundance. Accordingly they suggested that the difference 
be.tween the two Oosterhoff groups does not reveal a difference in lumin-
osity (according to Christy's transition period - luminosity relation) 
but rather a difference in the color distribution on the HB in the sense 
that the Oosterhoff group I clusters have a smaller fraction of BHB 
stars than the group II clusters. 
From Christy's relation one can estimate the initial abundance and 
mass of RR Lyrae stars. Christy deduced a mean mass of -0.5 M and Y = 0.3, 
0 
and a similar helium abundance was also estimated by Sandage (1969) 
(Y = 0.24-0.43), by Iben and Faulkner (1968) (Y = 0.33), by Albada and 
Baker (1971) (Y = O. 35) and by Dickens (1970) (Y = 0. 33-0. 43). 
Recently BHB stars in NGC 6397, w Cen, M3, M.13, Ml5, M92 and M4 
have been extensively observed by a qroup at Mount Stromlo Observatory 
(Newell et al. 1969a,b; Newell 1970a,b) making use of surface-gravity 
determination by spectroscopic means. They derived an empirical mass-
luminosity relation for BHB stars with 4.1 ~ log Teff ~ 3.9, and found 
a mean mass of -0.55 + 0.2 M. This value is consistent with the mass 
- 0 
of RR Lyrae stars deduced·by Christy. 
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The study of BHB stars has been further extended to the evolution-
ary status of thes e stars. Newell (1973) found three distinct groups of 
BHB stars including field BHB stars and two gaps between the groups in 
the two-color diagram. The existence of these groups and gaps has been 
strengthened by recent observations (Newell and Graham 1976) of more 
field BHB stars. Newell divides BHB 
(u-e)o (u-~1 
~~ -0. 4, Group BC with -fB u,l._ ~ 
" " 0 
stars into a Group A redder than 
lu -~)o 
-0.4 - -0.9, and Group D, -tB-ll.L ~ 
" 0 
-0.9. 
On the basis of theoretical model calculations (Iben 1967; Demarque and 
Mengel 1971, 1972; Mengel 1972; Rose and Smith 1970), he suggested that 
group A stars are evolving toward the asymptotic-giant-branch (AGB) 
while group BC stars are evolving directly the the blue. The evolution-
ary status of group D stars is uncertain. According to their recent 
results Newell and Graham (1976) suggest that as far as the evolutionary 
history of ZAHB stars depends on the history of their progenitors, the 
discrete HB groups are a consequence of an equal number of discrete groups 
in the giant branch if Greenstein's (1971) "extended HB" hypothesis 
(Faulkner 1972; Sweigart et al. 1974) is accepted. 
The morphology of the RGB in the C-M diagram has been used for the 
two-dimensional classification by Hartwick (1968). Similarly Dickens 
(1972) used the HB morphology for an HB type classification which is 
based on the relative number of BHo, RR Lyrae and RHB stars, and class-
ified globular clusters from HB type 1 (dominant BHB stars and no RHB 
stars) to HB type 7 (dominant RHB stars and no BHB stars). The multi-
dimens ional classification by Castellani et al. (1970) corresponds 
roughly to the sum of the above two classifications because the five 
parameters used in this cl~ssification include the characteristics of the 
RGB and RR Lyrae stars as well as the reddening free parameter Q. In 
their scheme Castellani et al. could explain theoretically the HB morphology, 
varying the ratio of core mass to total mass of HB stars from -0.9 (for 
BHB stars) to -0 .7 (for RHB stars). However none of these classification 
schemes can incorporate the anomalous C-M diagrams of NGC 7006, NGC 362 
and Ml3, as well as NGC 2808 (Harris 1974) and NGC 288 (Cannon 1974). 
As discussed by Castellani et al. (1970) and Dickens (1972) we 
need a correct theory to understand the anomalous C-M diagrams. Rood 
(1972) pointed out that there is still disagreement among the estimates 
of the variation of the HB star core mass, even in the sign of the the 
variation of core mass with Z. This means that there are a few uncert-
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ainties in the giant branch phase, which may include neutrino loss (Iben 
1972), mixing length (Demarque 1972), opacity (Iben 1972), mass loss 
(Iben and Rood 1970), core rotation (Demarque et al. 1972), and even 
numerical procedures of model calculations (Demarque et al. 1968). For 
the explanations of the observed distribution of HB stars in the C-M 
diagram, .the theoretical HB models require mass spread along the HB in 
the sense that BHB stars have a smaller mass than RHB stars whereas the 
core mass of the BHB stars are greater than that of the RHB stars. This 
essentially indicates possible mass loss (10--20%) during the RGB phase 
(Iben and Rood 1970). When semiconvection is included in the models, 
the range of mass spread along the HB is reduced because of the extended 
blueward evolutionary loops of the HB stars (Demarque and Sweigart 1971). 
Recently Rood (1973) made a remarkable mark on the theoretical morphol-
ogy of the HB distributions. Taking into account many possible parame ters 
such as chemical compositions including Z (whose important role on 
cno 
the RGB phase was pointed out by Simoda and Iben (1970) and which was 
suggested as the second parruneter by Hartwick and McClure (1972)), mass 
spread, age, mass loss, core mass dispersion, he synthesized various C-M 
diagrams of the HB. He pointed out that a second parameter which is 
adequate for the explanation of the anomalous C-M diagra~s such as NGC 
7006 and NGC 362 cannot be identified, and the anomalous C-M diagrams 
can be explained simply by the variation in various parameters such as Y, 
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age, Z and mass loss with Z. He further indicated that the observed 
cno 
variation of the HB morphology with Z can be explained if the mean mass 
loss along the RGB is some function of z. 
One useful method of estimating the helium abundance in a globular 
cluster has been suggested by Iben (1968). The ratio of the observed 
numbers of HB and RGB stars brighter than the HB level (after the bolo-
metric correction has been applied) can be compared with a theoretically 
estimated lifetime ratio, which is a function of helium abundance of the 
cluster. The application of this method (the so- called R-method) to 
nine metal poor globular clusters has yielded a mean initial helium 
abundance, Y = 0.28-0.32 (Iben et al. 1969). Demarque et al. (1972) 
applied this method to a HB model with inclusion of semiconvection, and 
obtained Y ~ 0 .13 , this lower value being due to an increase of HB life 
time in their model. This value is certainly too small compared with the 
usually adopted value, Y ~ 0 .3. They pointed out that uncertainties in 
the helium core mass at the helium flash and some difficulty in separa-
tion of AGB stars from the RGB threw some doubt on this method of helium 
determination. 
(d) Asymptotic-Giant-Branch and Ultraviolet Stars 
Double-shell-source models (burning helium and hydrogen in two 
separate shells outside of an inert carbon-oxygen core) for the post HB 
stars have been made recently by Iben and Rood (1970), and the AGB evolu-
tion could be accounted for as the phase of the double-shell-source 
(Demarque and Mengel 1972). Stars -lm above the HB in the C-M diagram 
of globular clusters have also been identified as the double-shell-source 
stars by Strom et al . (1970). (They are referred to as above horizontal branch 
(AHB) or supra horizontal branch (SHB) stars .) However blue stars several 
magnitudes above the HB in globular clusters are too bright to be 
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explained in this way . Strom et al. (1970 ) suggested that these stars may 
be the progeny of the double-shell-source stars on the AGB. 
Since these kinds of stars are important for the understanding of 
their final evolutionary phase, Zinn et al. (1972) have made an exten-
sive survey of stars above the HB and bluer than the AGB in globular 
clusters, so called '' UV bright stars", using short-exposure U- and v-
plates. In a recent theoretical study by Sweigart et al. (1974) ultra-
violet stars were divided into the SHB stars, the high luminosity (HL) 
stars which lie several magnitude s above the HB in globular clusters and 
the subdwarf O (sdO) stars which form a vertical sequence in the HR 
diagram at log Teff > 4.5 . According to their model calculations, HL 
and sdO stars are accounted for with three different evolutionary 
statuses . These are, a post-RGB star which has very low mass nearly equal 
to the critical core mass for helium ignition so that it evolves directly 
to the blue in the H-R diagram without a helium flash; a post-HB star 
which evolves redwards along the SHB during helium exhaustion and then 
proceeds bluewards following the transition to helium-shell-burning 
without approaching the AGB; and a post-AGB star which evolves bluewards 
from the AGB as the hydrogen-burning-shell approaches the surface. The 
last case was also studied by Gingold (1976) without suppressing the 
helium-shell flash. 
Besides the normal ultraviolet stars , variables brighter than RR 
Lyrae stars also appear . Less luminous short period C-1 day) variables 
(Demers and Wehlau 1971; Lee 1974) in globular clusters are known to be 
SHB stars evolving to the AGB , and more luminous variables (W Vir class) 
with periods of about 10 days are more advanced double- shell-source stars 
undergoing blueward loops from the AGB in response to helium-shell flashes 
(Schwarzschild and Harm 1970; Wallerstein 1970; Kraft 1972; Sweigart 1973; 
Gingold 1976). Gingold ' s (1976) recent AGB model calculations of 0.6 M0 
show that very luminous long period RV Tauri variables (Stothers 1963) 
are stars either undergoing their final relaxation oscillation cycle on 
the AGB or finally evolving to the blue as the hydrogen-burning-shell 
approaches the surface. 
3. THESIS OUTLINE 
Globular clusters for the general observing program have been 
chosen according to the following criteria: 
16 
(a) clusters bright enough to observe stars photoelectrically down to 
the HB mostly with the 60-cm reflector at Siding Spring Observatory, 
(b) clusters which can be observed sequentially through the whole 
year, 
(c) cJ.usters which have different spectral types. 
The chosen clusters at the main program are 47 Tue (aso = 00h2lm, G3), 
h m h m NGC 3201 (aso = 10 15.5, - ), w Cen (aso = 13 23.8, F7), NGC 6121 (= M4) 
(as o = h m h m 16 20.6, GO) and NGC 6809 (= M55) (aso = 19 36.9, F5). Besides 
these clusters, some photographic photometry of NGC 6752 has been done in 
cooperation with Cannon (1974) and a short period Population II Cepheid 
in NGC 6752 has been observed for the determination of its period. 
h m M22 (a10 = 18 33.3, F7) has been included only for photographic photometry. 
As the observational purpose was to obtain structures of various 
branches as detailed as those of Ml5 (Sandage et al. 1968), photoelectric 
observations have been made for as many stars as possible. Altogether 
about 430 stars were measured photoelectrically, including about 200 
primary standards, and about 4700 stars were measured photographically. 
The general photoelectric and photographic photometric observa-
tions are discussed in the following chapter, and the photometry of 
individual clusters is in the relevant chapter. 
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47 Tue is the most important of the present clusters because it 
is so rich in bright stars as well as being well known as a metal rich 
cluster. It was intended to obtain a C-M diagram for 47 Tue comparable 
in detail to that found for Ml5. The results are given in Chapter 3. 
NGC 3201 was first observed by Menzies (1967) but his C-M diagram 
shows some scatter in the giant branch. His photoelectric sequence stars 
were reobserved using E-region standards, and with these pe stars,78 
stars in the cluster were observed photoelectrically. The present C-M 
diagram is better defined than that obtained by Menzies. However some 
scatter near the red giant tip appears in both C-M diagrams. The dis-
cussion is given in Chapter 4. 
M4 was observed by Greenstein (1939) on a different system from 
the present UBV system. Therefore it was necessary to reobserve this 
cluster. The reobservation of M4 by Moshkaliov (1974) was found during 
the writing of this thesis. The general shape of his C-M diagram and 
the present are similar to that of Greenstein's C-M diagram. They are 
discussed in Chapter 5. 
M55 had drawn great interest from the preliminary C-M diagram 
which shows similar character to that of NGC 6752. However the bad 
seasons between 1973 and 1974 did not permit observations of the faint 
stars. This result is given in Chapter 6. The observation of this 
cluster by Harris (1975) was also found during the writing of this thesis. 
The original purpose of the observation of w Cen was for the 
photoelectric and photographic photometry. In Chapter 7 only photo-
electric results of about 110 stars are given. Following Cannon and 
Stobie's (1973) suggestion, stars near V = 13m which were missed in their 
observations were observed. The present C-M diagram of w Cen also shows 
the spread in the RGB. 
The photographic photometry of NGC 6752 was made with Cannon and 
Stobie's bright pe stars and Cannon's faint pe stars. Actually all 
reductions were finished in 1972. In Chapter 7 only the C-M diagram of 
NGC 6752 is presented together with a short discussion. More complete 
results will be discussed in a separate paper by Cannon and Lee. 
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The observations of a short period Population II cepheid in NGC 6752 were 
made by the author and are included in this chapter. 
In the final Chapter 8 the results of the present study of six 
globular clusters are summarized and discussed. In the Appendix the C-M 
diagram of M22 is present. This is a preliminary one of stars in the 
outer part of M22. 
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CHAPTER 2 
OBSERVATIONS 
During the three years observing period all photoelectric observa-
tions were carried out with the 60-cm and the 100-cm reflectors at Siding 
Spring Observatory. All photographic plates were taken with the 100-cm 
reflector at the f/8 and f/18 foci. The plates were measured with the 
Sartorius iris photometer at Mount Stromlo Observatory. The plate scale 
for the 100-cm reflector is 25 arcsec/mm at f/8 and 11.3 arcsec/mm at 
f/18. The coma at the f/18 focus of the Ritchey-Chretien 100-cm is 
equivalent to the coma at the primary focus of a f/5 . 4 paraboloid, and 
limits the good photometric field to about 10 arcmin diameter. 
1. PHOTOELECTRIC PHOTOMETRY 
The photoelectric observations were made mostly with the 60-cm 
reflector, although NGC 3201 and a few faint stars in other program 
clusters were observed with the 100-cm reflector. To minimize possible 
systematic errors the same combination of filters and RCA lp 21 cell has 
been consistently used at the 60-cm reflector, and a Johnson two-channel 
photometer (Johnson 1962) at the 100-cm reflector. The combination used 
at the 60-cm reflector was chosen only after an instrumental calibration 
test with the actual deflections of stars. This combination gives nearly 
the same deflection with v- and B-filters at the color, (B-V) - 1.00 . 
0 
The filters used are as follows: 
V 2 mm GG14 
B 2 mm GG13 + 0.7 mm BG12 
U 2.8 mm corning 9863 . 
The filters in the Johnson two-channel photometer are 
V 2 mm GGll 
B 2 mm GG13 + 1 nun BG12 
U 2 mm UG2 
To set up a photoelectric sequence of a program cluster about 20 
primary standards - E region standards - near the cluster were chosen 
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to cover the large range of colors, and the sequence stars were selected 
around the cluster. In the case of the cluster, M4, the standards in 
the equatorial zone (Cousins 1971) were used because of no available 
standards near the cluster. 
The observing procedure of photoelectic sequence stars was as 
follows: 
a) Observation of all primary standards 
b) Observation of photoe lectric sequence stars including 
observations of one red and one blue primary standard 
at an interval of about 30 minutes of check extinction 
c) Observation of all the primary standards when observ-
ing position approaches the zenith 
d) Repeat procedure (b) 
e) Repeat procedure (c) 
When reducing the data, the above two sets of the data for the photo-
electric sequence stars were separately reduced deriving extinction co-
efficients in each set to obtain the mean extinction coefficients over 
the observing night. These procedures were also applied to the observa-
tions of program stars. 
The following procedure of measurements was used: u*, u*, b*, v* 
( s s s s star) , v , b , u , u (sky), u*, u*, b*, v* (star). A starwas measured 
twice, and the u-deflection twice in each case because of the usually 
small amount of its deflection. The mean deflections were used for the 
derivation of instrumental magnitudes of the star. 
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The extinction coefficients were derived in each observation, and 
the mean extinction coefficients over the three year observing period 
were obtained as follows in the case of the 60-cm observations: 
k = 0.19 + 0.06 + (0. 00 + 0.025) (B-V) 
V 
kB-V = 0.15 + 0.03 (0.04 + 0.018) (B-V) 
kU-B = 0.30 + 0.07 
where the ranges of coefficients over the observing period are indicated. 
With these mean coefficients all data were again reduced for the final 
magnitudes and colors of photoelectric stars, neglecting the color term 
ink. In the case of the 100-cm observations the mean coefficients 
V 
which have been used by other observers were adopted; i.e. 
k = 0.16 
V 
kB-V = 0.13 - 0.04 (B-V) 
kU-B = 0.36 
The natural system with the 60-crn observations was linearly 
transformed to the standard UBV-system (Johnson 1955). However, in the 
case of (U-B) the extensive observations of about 180 standards in the 
equatorial zone in addition to more than 100 Cape standards yielded a 
linear transformation of the natural system averaging the spectral type -
and zenith distance - dependences of the U-deflection (Johnson 1962). · 
The mean error involved in this linear transformation is 6(U-B) = +0.03 
at colors, (B-V) - O (spectral dependence dominant) and (B-V) > 1.8 
(zenith distance dependence dominant). 
In the case with the 100-cm observations only, the natural V-
magnitude is linearly transformed to the standard. Cannon and Stobie 
(private communication) have established well-defined instrumental 
correction curves for (B-V) and (U-B) using many Cape standards. These 
were confirmed in the present photometry, and are shown in figure 1. 
The non-linearity in (U-B) with a Schott UG2 filter is also shown in 
Cathey's (1974) paper. 
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FIG. 1. - Typical instrumental correction curves with the following filters 
in a Johnson two-channel photometer: 2 mm Gll for V, (2 mm GG13 + 1 mm BG12) 
for Band 2 mm UG2 for U. 
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No significant seasonal variations over the three year observations 
were found, and the mean standard deviations derived from stars observed 
more than once are shown in Table 3 in Chapter 3 . It is noted that stars 
fainter than V = 15 were observed with the 100-cm reflector, and the mean 
standard deviations in the magnitude range of 15 < V < 16 are 0~02 in V 
and (B-V) and 0.03 in (U-B). 
2. PHOTOGRAPHIC PHOTOMETRY 
A series of plates was taken at the f/8 (scale 25"/mm) focus for 
the measurements of the outer stars in a cluster and at the f/18 (scale 
11. 3" /mm) focus for the measurements of the inner stars. All plates 
were developed by the author with special care for the uniform plate 
background. The following filter-plate combinations were used: 
V 2 mm GG14 + 103 aD 
B 2 mm GG13 + IIaO 
U 2 mm UG2 + IIaO 
For photographic photometry each cluster was divided into a few 
zones around the cluster, and the procedure of plate measurements was 
taken as follows: 
a) Measure all photoelectric (pe) stars which are distributed around 
the cluster clockwise in each zone 
b) Measure program stars clockwise in each zone including measurements 
of pe stars. If there are nope stars in the measuring zone - measure 
pe stars in other zones 
c) Measure some pe stars after the complete measurements of program 
stars. 
At the end of measurements the iris readings of pe stars measured more 
than or,ce were compared to check any accidental drift of voltage or 
Plate shift dur3.ng the measurements, and if there were no significant 
differences between iris readings, the mean of these readings was formed. 
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Normally the differences between the first and the last iris 
m 
readings for each star were less than 0.01 and random when the continuous 
measurements had been made for a few hours. It was found that when 
plate measurement was halted for more than 10 minutes or the meas uring s peed 
was very irregular , differences of more than 0~02 occurred occasionally. 
Accordingly special care was given to the continuous measurements keeping 
uniform measuring speed until the measurements of a plate were complete. 
There were two cases where the data of five hour measurements had to be 
discarded because of systematic differences by amount of 0~04. 
Photographic magnitude calibrations were based on pe stars for 
the measurements of the outer part stars in each plate, and on pe stars 
and pg stars for the inner part measurements with the f/18 plates where 
pg stars had been measured on the f/8 plates . The following relations 
between photoelectric (pe) and photographic (pg) magnitudes were adopted 
according to Menzies (1967) and Gascoigne (private communication); 
1 (B-V) V = V + pe pg 9 pe 
B = B pe pg 
u = u pe pg 
When using these relations, no further color effects were found. The actual 
calibrations were carried out with IBM 1620 and later HP 2100 computers 
at Mount Stromlo Observatory using the Stromlo iris calibrations and 
reduction programs. The calibration data were also used for the 
derivations o f possible errors involved in photographic photometry. Two 
typical cases are described in the following two chapters . 
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CHAPTER 3 
UBV PHOTOMETRY OF B~IGHT STARS IN 47 TUCANAE 
See-Woo Lee 
SUMMARY 
UBV photoelectric (161 stars) and photographic (1,582 stars) 
photometry has yielded a well-defined C-M diagram for 47 Tue (at distances 
> 6' from cluster center). If three very blue stars are members, the 
diagram is very similar to that for the anomalous globular cluster 
NGC 2808. The difference in ultraviolet excess between the red giant 
branch (AGB) and asymptotic giant branch (ABG) is explained by the 
surface gravity effect . The estimated reddening and metal indices for 
47 Tue are E = 0.04 ± 0.01, ~v = 1.83, ~(B-V) = 0.98, o(U-B) = B-V o,g 
0.15 ± 0.02 and [Fe/H] d = -0.87 ± 0.2. The true distance modulus is Hy 
(m - M) = 12.94 with the visual magnitude of the horizontal branch 
0 
(HB), m = 14.06 ± 0.12 and M = 1.0. The RGB shows three gaps 
V V 
( l m b ) d b wh1.'ch 
- a ove the HB, at the HB level and below the HB an a ump 
corresponds to that in the theoretical luminosity function calculated 
by Rood. The observed luminosity functions of HB and AGB stars (V < 14.2) 
agree reasonably well with the theoretical ones with serniconvection. 
The observed ratios of the number of branch stars are consistent with 
those derived from theoretical models. A helium abundance of Y - 0.3 
is derived for 47 Tue from comparison between observed and theoretical 
luminosity functions and from the R-method . There is no systematic 
variation of the radial distribution of branch stars of 47 Tue. 
1. INTRODUCTION 
Following the first comprehensive observations of 47 Tue by 
Wildey (1961), Tifft (1963) extended the photographic photome try down 
to the main sequence (MS). More recently Eggen (1972), Menzies (1973) 
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and cannon (1974) have observed additional red giant branch and horizontal 
branch stars, and have indicated some systematic differences with the 
earlier observations. Hartwick and Hesser (1974) have again extended 
photoelectric and photographic observations down to V = 19.2 providing 
an accurate turn-off point for cluster age determination. There are, 
however, no recent extensive observations of stars above the HB in 
47 Tue comparable with the work of Hartwick and Hesser near the MS or 
comparable with the observations of Ml5 by Sandage et al. (1968). 
Careful delineation of giant branch structure, with detail on possible 
gaps and bumps, provides the information necessary for testing stellar 
evolutionary calculations (Iben 1968). To date most such observations 
have been made for metal poor and intermediate clusters, and many 
workers have stressed the importance of extending them to 47 Tue. The 
aim of this paper is to present such information for the HB, RGB and AGB 
stars (with V < 14.2) in this cluster. 
The UBV observations (§2) comprise 161 photoelectrically 
measured and 1,582 photographically measured stars. Careful attention 
has been given to crowding and background effects on the plates. Gaps 
and bumps on the RGB and AGB, luminosity functions on the RGB, HB and 
AGB, and oranch population ratios are all discussed and compared with 
theoretical predictions (§7). A high helium abundance is derived from 
the ratio of HB stars to those on the RGB and brighter than the HB. 
2. OBSERVATIONS 
2.1 Photoelectric Photometry 
Using the E region stars of Cousins (1963), a sequence of 
secondary standards (table 1) was established in the cluster and near 
the Small Magellanic Cloud (fig. 1); these were used to obtain UBV 
photoelectric observations of 148 stars selected in all directions 
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around 47 Tue, and between 6 ' and 27' from the cente r of the cluster whose 
core radius is 0.47 arc min (Pe t e rson and King 1975) (figs. 1 and 2). All 
observations were made betwe en 1972 and 1974 using standard UBV filters 
and a lP 21 cell at the 60-cm reflector, or the two channel photometer at 
the 100-cm reflector of Siding Spring Observatory. 
TABLE 1 
THE SECONDARY STANDARDS 
Photoelectric Photographic 
Star V B-V U-B n* V B-V U-B Remark** 
1533 10.09 o. 72 0.20 8 10.09 0.74 0.23 C2 
1601 8.88 0.48 0.00 8 8.89 0.53 -.03 C6 
3413 8.30 1.16 1.12 8 8.29 1.13 1.08 Cl 
5529 11. 89 1. 62 1. 83 8 11.91 1. 58 1.85 Ml3 
6304 8.51 0.51 0.00 8 8.51 0.51 -.01 C3 
7416 9.55 1.13 1.06 8 9.54 1.12 1.11 C7 
T 10.61 0.47 -.06 7 cs 
SMC p 10.30 0.18 0.10 3 A 
Q 10.62 1. 20 1. 21 3 A 
T 10.80 0.43 0.00 3 A 
E 7.75 1.13 1.05 1 A 
g 11.60 0.14 0.06 1 A 
k 9. 77 0.35 0.05 1 A 
* n = number of nights 
**C = Cannon (1974); M = Menzies (1973); A = Arp ( 1958) 
The instrumental calibration and atmospheric extinction were 
accurately determined through observations of more than 100 Cape 
standards and about 180 stars in the Equatorial Zone (Cousins 1971) 
made as part of a general globular cluster observing program . 
FIG. 1. - A finding chart for the program stars in the outer 
region of 47 Tue (print of V-plate, S 2800). The photoelectric 
standard stars are marked with underlined numbers. Each 
annular ring is of 3' interval with the outermost ring (number 
1) located 24' - 27' from cluster center. The cluster is 
equally divided into eight segments. 
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FIG. 2. - A finding chart for the program stars in the inner region 
of 47 Tue (print of V-plate, S 2800). Each ring is of 3' interval and 
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TABLE 2 
PHOTOELECTRIC STARS 
Photoelectric Pho togroph i c Photoelectric Photographic 
Star V B-V U-B n V B-V U-B Star V B-V U-8 n V B-V U-8 
1105 13. 69 1.10 0.85 13.70 1.16 0.83 6407 12.80 1.16 1.11 2 12. 78 1.16 1. 07 1201 12.85 l. 30 1. 40 2 12.86 l. 30 l. 39 6408 12.81 l. 29 l.12 l 12.78 1. 24 1.11 1205 11 . 85 l. 61 1. 94 2 ll. 89 l.62 l.94 7407 14.08 0 . 85 0.40 2 14.06 0 .82 0.44 1206 14 .13 0.83 0.32 2 14.15 0.86 0.29 7408 14.51 0.75 0. 25 2 14. 51 0 .69 0.16 120 7 14.09 0.8S v.40 2 14. ll 0.91 0. 38 7409 14.10 1.02 0.67 2 14.06 1.02 O.S6 1208 14. 32 0.7S 0.12 3 14.33 0.76 0.13 7416 9.SS l.13 l.06 16 9.S4 1.12 l. 11 7208 14.07 0. 86 0. 36 1 14.04 0.83 0.34 8406 12. 37 l.43 1. S7 2 12.39 l. 40 l.60 7212 14.11 0 .89 0.33 1 14.09 0.88 0 .39 8415 14.07 0.84 o. 36 14.07 0 . 81 0.35 7217 13. 70 1.11 0.90 l 13.64 l.13 0.90 8416 13.43 1. 1 S 1.09 13 . 46 1. i3 0.94 7219 14. 02 0.92 0. 39 ll.98 0.88 0.40 8417 13. 71 0.80 0. 34 1 13. 75 0. 79 o. 38 7220 12.53 1. 27 l. 27 12.48 l. 28 l.29 150 5 12.16 l. so 1.68 3 12.15 l. 47 1.64 1301 12.60 1. 20 1. 20 2 12.62 1. 20 l.13 1506 13.27 l.15 0.84 2 13. 28 l. l 3 0.88 1304 14. 4 S 0.97 0.56 1 14.49 0.98 0.60 1510 12.15 l. 43 l. 57 3 12.19 1. 43 1. 57 1305 14. 33 0 . 63 0.03 2 14. 37 0.64 0.01 1513 12.41 1. 32 l. 32 3 12.44 1. 30 1. 34 1309 13. 20 1. 04 0.80 3 13. 21 l.08 0.84 1516 13.94 1. 04 0 . 70 2 13.96 1.03 0.67 1312 14.58 0.98 0 . 49 2 14.60 0.99 0.57 1518 13.06 l.08 0 . 75 2 13. 04 l.09 0. 77 1313 14.44 1.00 0.47 2 14.53 l.00 0.47 1519 13.89 0.88 0 . 39 l ll . 93 0.85 0.42 1315 14.07 0.85 o. 37 l 14.11 0.86 o. 37 1522 13 . 56 l.09 0 . 87 2 13 . 58 1.08 0.89 1316 13 . 17 1.19 0.97 2 13.21 l.18 0.96 1524 14.09 0 .86 o . 31 2 14 . 12 0.82 0. 35 1319 13.08 0.93 0.60 2 13.10 0.93 0.63 1526 14.01 0 . 86 0.35 l 14.03 0 .83 o. 31 1320 13. 54 1.13 0.87 2 13. 56 1.13 0.82 1529 13 . 90 0.86 0.31 2 13.90 0 .85 0.38 1322 14.57 0.92 0.39 2 14.57 0.95 0.45 1531 14.16 0 . 83 0.47 1 14 . 09 0.83 0.40 1324 14.08 0.83 0 .35 2 14.11 0.84 0 . 31 1533 10.09 o. 72 0.20 1S 10.09 0.74 0. 2 3 l308 13. 89 0. 89 0. 39 l 13.87 0.93 0.41 2507 14.08 0.82 o'. 36 1 14.07 0.80 0.30 2309 12.81 0.63 0.01 1 12 .79 0.67 0.04 2508 ll.24 0.78 0. 34 3 13 . 20 0.78 0.37 2310 14.56 1.03 0.62 2 14.52 1.05 0.53 2511 13.84 0.84 0.45 2 lJ.82 0.86 0.50 2311 14.00 0. 72 0 .06 2 13.96 0.73 0.04 2525 12.43 1.29 1.25 2 12.43 1.28 1. 30 3305 13. 05 1. 20 l.10 2 13.04 1. 21 l.16 3501 12.13 1. 47 1.67 4 12.09 1. 50 1.68 3307 14.23 0.96 0.49 1 14.23 0.96 0.49 3503 13.96 0. 77 0. 37 2 13.97 0. 77 0. 30 3309 11.80 0.54 0.05 5 ll. 81 0.55 0.09 3512 11. 79 1. 63 1.96 2 11. 78 1. 65 1.99 3312 14.13 0.86 0.26 l 14.10 0.88 0. 33 3515 14.05 0.76 0.35 14.05 0. 77 0. 35 4312 12 .70 l. 30 1. 22 1 12.72 1. 31 1. 27 3516 13.20 1.18 0 .88 2 13.21 1.18 0.79 5308 14.09 1.01 0.70 l 14.10 1.02 o. 72 3517 14.90 
-.15 - . 45 / 14.89 - . lJ -.40 5309 12.20 1.49 l. 56 2 12.18 l.47 l. 59 3518 14.11 0 . 82 0.43 I 14.10 0.83 0.35 5310 13. 39 0.64 0.18 2 13 . 36 0.66 0.17 3519 14.40 1.02 o. 70 1 14.37 1.01 0.63 5312 12.18 l. 49 l. 78 2 12.16 l.49 l. 79 4502 13.28 0.96 0 .6 1 2 ll.26 0.97 0.55 6301 14 .27 1.01 0 .59 3 14.24 l.03 0.58 4 ~03 12.39 l. 22 l. 12 2 12. 37 1. 22 1.12 6304 8.51 0.51 0.00 l7 8.51 0.51 -.01 4506 13.54 1.11 C. 88 2 13 . 47 1.1 3 0.88 7320 11.92 l. 76 1. 91 l 12.15 l. 71 1. 83 4509 12.99 1. 21 0.93 2 12.98 1. 22 1.15 1402 13. 39 0 . 59 0.03 2 13.40 0.56 -.Ol 5510 14.3S 0.70 0.21 2 14. 35 0.69 0.20 1406 13.45 l.11 0.94 2 13. 38 l.12 0.96 5520 15.51 0.88 0 . 34 15.52 0.87 0.26 1407 13. 78 1. 07 0.78 2 13. 77 l.07 0.76 5521 15.64 0.83 0. 30 15.62 0 . 83 0.21 1408 13. SJ 1.09 0.88 2 13. 52 1.10 0.90 5522 lS . 37 0.41 0 .02 2 15.38 0. 37 -. 01 1411 13 . 94 0 . 87 0. 52 2 13.95 0.85 0.46 5527 13.60 1.07 0.84 1 ll. 57 1. 08 0. 79 
1414 14.24 l.06 0.67 l 14.25 LOS 0 . 67 5529 ll. 89 l. 59 1.84 8 11. 91 1. 58 1. 85 
1419 14.19 0.97 0. 72 2 14.23 0.98 0.69 5530 13.14 1.06 0 . 73 3 13.08 1.08 0.80 
1421 12.24 l.69 l. 75 J 12.26 1.64 1. 74 6501 13. 72 1.06 0. 73 1 13. 70 1.06 0. 72 
1425 14.10 1.04 0.74 2 14.08 1.01 0.79 6502 14.04 0.84 0. JS 14.03 0.78 0.32 2416 12.66 1.31 1. JS J 12.62 1.33 1. 37 6504 12.26 0 . 69 0.26 4 12 .28 0.70 0.28 2426 12 . 10 1. 52 l. 75 2 12.10 1. 51 l. 77 7502 13.94 1.05 0.71 2 13 . 92 1. 04 0.70 2428 13. 23 1.16 l 13. 20 l. l 7 l.Ol 7503 13.21 1.10 0. 78 J 13.24 1. 08 0.81 
2429 14.61 0.98 0.63 1 14.58 0.98 0.57 7504 14.03 0.86 0 . 47 14 .0 1 O.R6 0. 38 3407 12 . 96 1. 23 1.19 3 12.93 1.25 1.17 7507 13 . 80 1.07 0.73 2 13.88 1. 04 0. 72 3410 13.18 1.17 1.05 2 13.13 l.19 1.03 7510 13.12 1. 13 0.95 3 13.13 1.0 0.87 3412 14.03 0.81 0.40 l 14.02 0.80 0.32 7525 13.90 0.65 0.02 2 13.88 0.6) 0.02 341) 8. 30 1.16 1.12 12 8.29 1.13 1. 08 8507 14.07 0. 79 0. 37 2 14. 09 0. 78 0. 34 3415 14 . 0l 0.89 0.33 2 13.98 0.88 0.34 8508 U . 80 0.87 0.44 2 13 . 82 0.80 0. 47 3416 11.0l 0 .78 0.32 J 14.0l 0. 79 0. 33 8517 12.62 1.29 1.27 12 . 62 l. 27 1. 7S 4409 13.95 0.79 0.29 1 14 . 00 0.78 0.33 8518 13.11 1.10 0.81 2 !3 . ll l. 0') 0.82 4411 14. 10 1.04 14 . 12 l.02 0 . 71 8519 14.06 0.80 o. J< 2 14.09 0.83 0. 32 4414 14.40 0.94 0.57 2 14.40 l.00 0 . 61 8520 13. 71 0.78 0.40 2 13. 71 0.80 o. 39 4415 12. 34 1.06 0.86 2 12.38 1.06 0.81 8528 13. 72 0.92 0.48 l 13. 72 0.92 0.47 4417 14 . 14 0 . 78 0. 29 l 14.10 0.81 0. 33 1601 8.88 0.48 0.00 8 8 .89 0. 53 - .03 4418 12.16 1. 46 1.64 3 12.17 1.48 1.62 1602 13. 24 1.04 0. 72 J 13. 30 1.04 o. 71 4419 15 . 75 0 .52 0.02 2 15.74 0.50 - . 06 1603 11 . 89 I. 58 l. 87 11 .88 1. 59 1.90 5401 13. 85 0.90 0.54 1 13.89 0.88 0.43 1604 13 . 01 1. 21 1. 22 13 .01 1.22 1.10 5404 12 . 81 1.09 0.81 7 12.84 l.05 0. 74 1605 12 .36 l. 4 5 1.60 2 12 .38 1. 42 1.66 5406 12 . 81 1. J O l. 26 l 12.85 1.26 1. 22 2601 13.83 1. 06 0.62 2 13 .82 1. 06 0. 78 5409 13. 77 l.10 0. 77 l 13.80 1.10 0 . 81 2602 13.00 1. 09 0.86 ) 12 .99 1. 09 0.91 5412 14 . 48 0.97 0.43 1 14.S3 0.96 0.40 2603 12 .90 I. 27 1. 21 2 12.91 1. 25 1.19 5414 14.89 0.91 0.46 l 14.92 0.93 0.45 2604 13.07 I. 04 o . 75 2 13.07 1.01 o. 79 5417 14 . 10 0.90 0.26 14 .09 0.85 0 .30 2605 12 . 50 I. 22 I. 2 3 2 12 . 48 1.27 1.31 5419 14.02 0.87 0. 40 14.00 0.91 O. ll 4601 12.29 1. 32 I. 42 2 12. 27 1. 35 1. 44 5421 14 . 78 0.99 o. 38 14.78 0 . 97 0.45 4602 13.07 1.19 0. 87 1 13.00 1.19 0.80 5422 l~.47 1. 40 l. 47 2 12 . 44 1. 41 1. 50 4603 12.13 1. 41 I. 59 1 12 . 11 1. 36 1. 47 5427 12. 9 3 1. 22 1. 20 2 12 .92 1. 26 1.18 7601 13. 79 0.88 0.48 13. 76 0.88 0. 44 6402 13. 99 0,88 0.42 14.03 0.85 0.41 8601 14 .12 0.80 0. 38 14.09 0.83 0. 36 
8602 12.84 1. 25 1. 20 12.82 1. 25 1.10 
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Extinction coefficients derived were 
k = 0.19 ± 0.06 
V 
+ (0.00 ± 0.025) (8-V) 
kB-V = 0.15 ± 0.03 - (0.04 ± 0.018) (8-V) 
kU-8 = 0.30 ± 0.07 
where the ranges of coefficients over the observing period are indicated. 
With the 60-cm observations the natural system transferred linearly to 
the standard. Transformations for the 100-cm observations (of which 
there were few for 47 Tue) will be discussed in a subsequent paper. 
The 148 program stars of table 2 were observed twice on average. 
Secondary standards were measured three times during each night's 
observations. The mean errors derived from stars observed more than 
once are indicated in table 3. No seasonal variations in the 
observations of the secondary standards were observed over the three 
year period. 
Magnitude 
range 
V < 13 
13 < V < 14 
14 < V < 15 
TABLE 3 
MEAN ERROR 
e: (V) e: (8-V) 
0.01 0.01 
0.01 0.02: 
0.02 0.02 
2.2 Photographic Photometry 
e:(U-8) 
0.02: 
0.03 
0.04 
UBV photographic photometry was obtained for 1,582 stars using 
17 plates all exposed at the f/8 focus of the 100-cm reflector (table 4). 
The eight 10 min. V- and B-plates were selected from a much larger number 
on the basis of calibration tests. The program stars were divided into 
seven rings (of interval 3') and eight segments to look for non-
uniformities in the distribution of stars in different evolutionary stages. 
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(Each star has a four digit number. The first digit represents the 
segment number, the second the ring number, and the last two the number 
shown in figs. 1 and 2.) 
TABLE 4 
DESCRIPTION OF PHOTOGRAPHIC PLATES 
Plate Plate Filter Exposure Measured region 
no. type time (ring no.) 
2800 103aD GG14 10 min 1-5,1-3,4-5,6-7,6,7 
2802 " " " 
2804 " " " 
2808 " II " 
2801 IIaO GG13 " 
2803 " " " 
2805 " II " 
2809 " " " 
3108 103aD GG14 7 min 6-7 
3110 " " 6 min II 
3113 " " 5 min " 
3107 IIaO GG13 4 min " 
3109 " " 6 min " 
3112 " " 5 min II 
3111 " UG2 1 hr 1-5, 6-7 
3176 " " 1.5 hr " 
3440 " " 1 hr II 
Measurements were made with the Satorius iris photometer of Mt. Stromlo 
Observatory. All program stars were measured twice, and the photoelectric 
stars six times on each plate except for the 5-7 min. plates and U-plates. 
Plate calibration was based on about 100 photoelectric stars having 
smallest deviation from the calibration curve. The transformations 
from photographic to photoelectric magnitudes are 
V pe = V pg 
B = B pe pg 
u = u pe pg 
1 + - (B-V) 
9 pe 
The color term in the V transformation was adopted following Menzies (1967) 
and Gascoigne (1973) for this telescope-plate-filter combination. 
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FIG. 3. - The color effect: residuals in the sense (pe - pg) plotted against the 
pe color, using the data given in tables 1 and 2. 
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The photographic V and (B-V) values of photoelectric stars in table 2 
are the mean of seven measurements and the (U-B) values, the mean of two 
measurements. The residuals for the photoelectric stars, (pe - pg) 
are plotted against pe color in figure 3. No further color effects 
are apparent. 
The 5-7 min B- and V-plates were exposed to determine plate 
crowding and background effects, which were found to be non-negligible 
on the 10 min plates for the innermost rings 6 and 7. Figure 4 shows 
the differences in Band V magnitudes for ring 7 (in the sense short 
exposure - long exposure) plotted against the short exposure V magnitude. 
The results are for V < 14.2 since the short exposure B-plates have a 
limit of B ~ 15.4. Large differences due to close companion stars were 
excluded from figure 4. The mean differences are (with values at the 
~ magnitude, V = 14.06, indicated in brackets) 
s 
<llB> = -0. 029 + 0. 006V , (0. 055) 
s 
<llV> = 0.023 + O.OOV , (0.023) 
s 
Similar measurements for ring 6 yield 
<llB>= -0.057 + 0.006V, (0.027) 
s 
<llv> = 0.002 + o.oov , co.002) 
s 
One would expect these background effects to be due to somewhat fainter 
(and thus bluer) stars than those measured in this program. This is 
confirmed by the fact that llB values are greater than llV values, and 
the fact that the former remains appreciable further out from cluster 
center (ring 6). 
The data above indicate that the V correction should be 
negligible for ring 5. Although the B correction may be significant 
in ring 5, since llB decreases more slowly than llV (as a function of 
distance from the cluster center), the fact that over half of the 
Photoelectric stars are in ring 5 should ensure that, at least in this 
12 13 14 
0.1 
0.0 
0.1 
~B . .. 
0.0 
0.1 
~v 
. .. 
o.o 
11 12 13 
15 
.. -··· 
...... -;.,..,. . 
--::-·•-.•··· 
......... · 
...... ,:- . 
.. . . .. ·-:-::- . 
··--:;· .. 
-...-,~ ... 
..... 
·~ -
. -· •-':--·· 
... _...... ... 
···-'·· 
. .,,. .. 
. .. .,,._:- . 
.. ••I'··-· 
_ ..,.,. 
. -.... 
.. . . 
·~ ~~ 
. • . . --i+•• 
• . .•• ,,'fl • 
. 
.. . ..... -•. 
...... ,. ..... 
. . ... -,:: 
• 4: 
.. 
... 
14 
FIG. 4. - The crowding and background effect of photographic plates: 
the differences in magnitude and color of ring 7 stars between short 
and long exposure plates (short minus long) are plotted against the 
magnitudes, V and B measured on the short exposure plates. 
s s 
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Star 
1101 
1102 
110] 
1104 
1106 
1107 
1108 
1109 
1110 
1111 
2101 
2102 
210] 
2104 
210 5 
2106 
2107 
2108 
2109 
y a- v u-a 
14 . 75 0 . 82 0 . 12 
15 . 16 I.IS 0 . 61 
15 . 47 1.22 0 . 68 
ll . 89 1.21 0 . 85 
15 .06 O. H 0 . 24 
14 .06 O.H O. l2 
14 . 10 0 . 76 0 . 46 
ll . 6 5 O.JS 0.62 
15 .65 0 . 98 o . l7 
15 . 56 0 . 75 - . OJ 
ll . 40 0 . 88 O. ll 
14 . 74 1.19 0.29 
ll . 49 1.02 O. ll 
14 .59 0.76 -.IS 
15 . 10 0.91 0.12 
14 . 85 1.14 0 . 50 
14 .82 I.IS O. ll 
ll.96 0 . 95 0 . 47 
IS . Bl 0 . 6) - .JO 
1202 15 . 92 0 . 85 0 . 07 
120) 15 . 16 l.04 o . l4 
1204 15.87 l.44 
1209 ll . 99 0.85 O. l2 
1210 14. 62 l. 18 I. 04 
2201 ll . 89 o. 88 o. 44 
2202 14 . 79 1.17 0 . ]4 
220) 11. 70 0 . 6) 0 . 20 
2204 14 . 98 l. OJ O. 41 
2205 15 . 76 l. 00 0 . 1) 
2206 15 . 90 l.04 0 . 08 
1201 ll . 67 l.04 0. SJ 
]202 14 . 59 0 . 66 - . 08 
l20l 14 .0l 0 . 90 O.H 
]20 4 14 . 57 1.10 0 . 51 
l205 ll .98 0 . 99 0 . )9 
1206 ll .96 0 . 90 0 . 40 
1)02 14. 74 0.97 0 . 46 
llOl 15 . ll 0 . 88 0 . 28 
1106 15 . 67 0 .89 0 . 27 
1)07 ll.72 0 . 57 0 .00 
ll08 14 . 97 0 . 98 0 . 41 
lllO 14 .05 0 . 74 0 . 17 
1)11 14 . 19 0 . 74 0 .04 
1314 15.76 0.69 - . 06 
1317 15 . 7) 1.54 
Ille 14 . se 0 . 61 0 . 01 
ll21 11.90 0.6) 0 . 17 
1)2) 14.81 0 . 75 0 . 15 
1125 15 . 65 0 . 40 0 . 02 
1126 15 . 14 0 . 85 0 . 25 
1)27 14 . 64 1.10 0.86 
2101 15 . H 0.81 0 . 19 
2)02 14 .04 1.06 0 . 80 
2)0) 10.59 0.48 0 . 0) 
2l04 14 . 44 l.00 o . so 
2l05 14 . 64 0.81 0 . 20 
2l06 12 . 55 l. ll l. )2 
2)07 1).54 l.48 
1401 
140) 
1404 
1405 
1409 
1410 
1412 
141) 
1415 
1416 
1417 
1418 
1420 
1422 
142) 
1424 
1426 
1427 
1428 
14 29 
100 
2401 
2402 
240] 
2404 
2405 
2406 
14 . 92 0 . 67 - . Ol 
15 .60 0.87 0 . 22 
15.84 0 . 85 0 .2 1 
14 . 65 0 . 72 0 . 17 
15 . 19 0 . 72 O. ll 
14 . 07 o. 79 
II. 72 0 . 45 
O. ll 
0 . 01 
0.06 
O. JO 
0. 2] 
0 . 01 
0 . )0 
ll.96 
15 . 47 
15 . 85 
15 . 64 
15 . 70 
15 . 48 
ll . 21 
ll. 90 
15 . 40 
15 . 69 
15.11 
15 . 78 
0.68 
0 . 88 
0 . 86 
0. 70 
0 . 87 
0 . 90 0 . 40 
0 . 64 0 . 1] 
I.OS 0.69 
0 .89 
0 . 8 5 
O. l2 
O.ll 
0.99 0 . 52 
0.85 0 . 2) 
14. 08 0 . 88 0 . 3l 
15 . 16 0 . 89 0 . )5 
15 . 59 0 . 88 0 . 20 
14 . 11 0 . 85 0.2 9 
15 . IJ 0 . 92 0 . 42 
l~ . )9 0.91 O. ll 
15 . 75 0 . 9 1 
14 . 51 1.06 0 . 55 
~ 
P1«1rOCltAPlllC IIACN1t\/D£S AIID COLOIIS 
Star y a-v u-a 
2110 15 . 92 0 . 58 - . 19 
2111 14 . 0 8 l.19 0 . 86 
llOI 15 . 77 l.18 O. ll 
11 0 2 14 . 56 1.54 0 . 57 
]10] 12 . )0 1.02 0.72 
]1 0 4 15.07 0.84 - . 24 
llOS 14 . 29 0 . 78 - . 02 
ll06 15 . 74 0 . 81 -.17 
)107 15 . 80 1.)5 
ll08 14 . 77 I.II 0 . 18 
)109 15 . 65 0 . 86 - . 15 
lllO 14.95 1.06 0 . 29 
Jill 15 . 11 o . 79 - . 19 
]111 12 . 55 0 . 89 0 . 29 
Jill 15.ll 0 . 87 - . OJ 
41 01 ll.ll 0.75 0.04 
41 0 2 14 . 40 0 . 84 - . 02 
41 0 ] 14 . 86 0 . 81 - . 06 
4104 14.49 0.8) 0.79 
]207 ll . 05 I. 22 l.16 
1208 I l.66 0. 73 o . 05 
)209 14 . 85 1.12 0 . 5] 
]210 11.97 1.02 0.67 
4201 14 . 68 I.OS 0.60 
4202 11 . 80 0 . 66 0.16 
420] 14 . 51 0.69 - .08 
4204 15 . 14 0.74 - .08 
4205 ll . 95 0.90 0 . 44 
4206 14 . 68 1.54 
4207 15.18 0 . 80 0.15 
4208 l ) . 21 0. 74 0 . 28 
4209 12 . 92 0.61 0.11 
4210 14.17 0. 75 0 . 02 
4211 ll . 62 0 . 87 O. l2 
4212 14 . 41 I.OS 0.49 
5201 14. 68 o. 94 0 . )6 
2112 15. 72 o. 86 
]]01 15.64 0 . 97 
))02 15.04 0.94 0.40 
llOl 15.45 O. 85 
))04 15.08 0 . 61 -.12 
])06 14.05 0.89 0.)6 
)]0 8 14 . 82 1.06 , 
lllO 14 . 09 0.90 0.29 
llll 15 . 02 0 .92 0.)6 
llll 15. ll 0 . 77 0.11 
4)01 15 . 41 1.08 
4)02 14.07 0.81 0.25 
4101 14 . 05 0 . 87 O. ll 
4)04 14 . 5] 1.00 0.6) 
4)05 14. 64 0. 75 0.12 
4)06 15.26 0 . 96 
4)07 14.62 0 . 98 0.52 
4)08 14 . 08 0 . 86 0.28 
4)09 14 . 8) o. 95 o . 48 
4ll0 15 . 27 0 . 74 o. 05 
4)11 15 . ll 0 . 89 0.16 
4lll 15.20 0.94 O.J7 
2407 
2408 
2409 
2410 
2412 
241] 
2414 
2415 
2417 
2418 
2419 
2420 
2421 
2422 
242) 
2424 
2425 
2427 
24]0 
24)1 
l40 1 
!4~2 
l40 l 
l40 C 
l40 5 
]406 
1408 
12. ]8 1.00 0 . 69 
14.66 0 . 99 0 . 49 
ll.80 0.82 0 . )5 
15 . 22 0 . 90 0.J] 
15 .00 0 . 92 0. )6 
ll . ]7 0 . 73 0. 2) 
14 .09 0.87 0.)6 
14.58 0. 9 8 0. 58 
15. 48 0 . 72 0. 20 
14 . 09 0.66 0.)2 
14 . 45 0.99 0.60 
12. 6] 0 . 72 0 . 29 
15.66 0 . 89 
14 . oe o . ee o . n 
15 .]9 0 . 67 0.05 
14 . 40 o. 98 0 . 56 
16. 00 0.8) 
15 . 07 0 . 85 0 . 26 
14 . 81 o. 95 o. 51 
14 .06 0 . 86 O. JO 
14.50 0 . 99 0 . 61 
15 . 6 ] 0. 87 o . 22 
14 .0l 0.86 0.)5 
14 . 54 l. 00 0 . 49 
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S61J ll . 96 0.9 1 0 . 45 
S614 15 . 04 0 .92 0.0 
S6U U .O l 0 . 98 0 . 40 
s,1, u.u 1.u a.es 
SC.17 ll.99 O. B2 0 . 14 
s,u t• .oe a.es 0 .29 
S619 14 . ll 1.00 0.~8 
S620 11 . 87 l.06 O. 74 
S611 U . 02 0.9 1 0 . 47 
S611 11. 81 1. 70 1. 96 
S62l 11 . 11 l.47 1.61 
!,624 14 . 59 1.01 0 . 61 
S61S lS.16 0 . 89 0. 0 
5626 ls . S8 0 . 86 0 . 28 
S627 11. 48 1.19 1. 22 
S628 14 .06 O.fl6 0 . 18 
S629 ll .97 0. 79 0.29 
S6l0 lS. 4 7 0.87 O. ll 
S6l1 1J .8S 0.84 O. lB 
S6l1 lS . 78 0 . 8 4 0 .19 
S6ll U . .ll 0.90 0 . 18 
S6 l4 14 . 02 0.89 O. ll 
S6lS 14 .0 l 0.78 0 . 29 
S6l6 12 . "8 1.18 l.Ol 
S6l7 11.SS 1.11 0 .91 
S6l8 14 . l1 1.00 0 . 6S 
S6l9 1S . S7 0 . 80 O.ll 
S6~ 0 lS.Ol 0.91 O. 18 
S641 U .04 a.en O. ll 
Sf.41 14 .0S O. R~ O. lt 
S64J 1!> . 64 o.8l 0 . 19 
S6 44 14 .09 0 . 90 0 . )0 
S6 4S ll. 6 4 1.07 a . Bl 
S646 U .7 9 o . 80 
5647 is . 19 a.es 
S648 lS . 77 0 . 84 
S6 49 lS . 62 0.88 0.2l 
S6SO 1S . S2 0 . 99 0. 19 
S6Sl lS.82 O. il7 
S6S2 U . '1 0 . 8S O. ll 
St.ar 1-v u-a 
6506 15 . 77 0 . 86 0 . 19 
6S07 14 . 41 O. % a . so 
6S0 8 14 . SS 0.97 0 . 57 
6S09 ll . S7 1 . 10 0 , 79 
6"Sl0 15 . 6S 0.81 0 . 17 
6Sll 14 .0 7 0. 84 0 . 4 2 
6Sl2 lS . 41 0.88 0 . 28 
6Sll lS .08 0 . 90 o . 16 
6514 14 .29 0.96 O. S2 
6SlS 14 82 0 . 9 4 0 . 40 
6Sl6 14 .0 7 0 . 84 O. lS 
6Sl1 lS .02 0 . 69 0.04 
6S l 8 ll . 91 1.0S 0 . £1 
6Sl9 12 . 81 1.27 1.2S 
6520 u . 76 o . 81 
6521 lS . 74 0 . 88 0 . 29 
6S11 lS.74 0 . 8) 0.18 
652) 16 .01 0 . 8) 0.06 
6524 1) .08 1.11 1.20 
6S2S lS .98 0 . 84 
6 S26 14 . 12 0 . 99 O. S8 
6S27 12 . 19 1. 16 1. S1 
6528 1 J . 70 0 . 9S O. 49 
6529 14 .64 0.96 O.S8 
6S)O l S.64 0 .62 0.21 
6SJ1 ll . ll 0.86 0. 47 
6 Sl2 U . 91 0 . 8 2 0.2 S 
6Sll 14 . S4 0 . 9S 0 . SS 
6Sl4 ll.71 0 .71 O.H 
6SlS lS . 9 4 0. 74 0 . 06 
6Sl6 13.ll l.04 0 . 84 
6SJ7 1S.6) 0 . 87 0.29 
6s :; a 1s .s1 o . 86 o . 27 
6Sl9 l!:i . 08 0.90 0, 41 
6S40 l!:i . 09 0.81 0 . 16 
7501 ls . ,s o. 87 o . lJ 
7S(IS 1S . 1l 0.61 - .04 
6601 ll . 91 0 . 86 O. lS 
6602 14.7) 0 . 94 o.ss 
6601 14 .09 0 . 8S 0.)4 
6604 14 . 07 o.e7 0 . 1s 
660S 15 .01 • . 07 • . 43 
6606 15 . J4 0 . 91 o . )4 
6607 1 s . 24 0. 92 0.19 
6608 14.41 1.01 0 . 61 
6609 14 . 08 1.04 0.64 
6610 14 . 05 0 . 81 o . )0 
6611 11.91 1.01 0 . 61 
6611 14 .JS 1.01 O. S9 
661l 14 . 2S 0 , 78 0 . 18 
6614 ll . 70 :..09 0 . 94 
6615 1S.61 1.2S 
6616 11 .)6 1.17 0 . 99 
6617 15 .0 7 0 . 92 O. ll 
6618 15 . SS 0 . 87 0.2S 
6619 lS . 90 0 . 84 0 . 18 
6620 14 . Sl 1.01 O. Sl 
6621 lS . 74 0 . 87 O. lS 
6622 1S . ll 0.90 0 . 18 
6611 ll . 46 1.11 0 . 87 
6624 14 . 17 o. 72 0. 10 
662S 1' .0S 0 . 82 0.27 
6626 l S. 67 0 . 90 
6627 U .90 0 . 91 0. 40 
6628 ll . 71 1.08 0 . 8S 
6629 lS . 67 0.86 0 . 11 
66)0 14 . 06 0 . 87 0.)6 
66)1 14.S4 1. 0 1 0 . 46 
66l2 1S . J9 0 . 91 O. ll 
66ll 14 . 0S 0.87 0 . 46 
6614 14 .5S 0 . 97 O. S6 
66)5 14 .02 0 . 87 0 . 18 
66)6 ll . 05 1.19 0 . 96 
6617 14 . 04 0.78 0.18 
6618 15 . 19 0 . 92 0 . 29 
6619 14 .08 0 . 90 O. Jl 
6640 14 . 19 l. 00 O. S9 
6641 1S . S9 0 . 82 0 . 26 
6642 lS . 67 0 . 8) 0 . 20 
660 14 . 91 0.81 O. Sl 
6644 ll . 77 1. 07 0 . 67 
664S 14 . 11 0 . 87 0 . 4 1 
6646 1) . 8) 0.91 0 . 40 
6647 14 . 10 0 . 80 0 . 19 
66 48 1) . 98 0 . 8) o . )7 
6649 15 . 20 0.91 0. )9 
66SO l S . 8l O. 86 0 . 27 
66Sl 1 S . 6S 0 . 86 0 . 2J 
66S2 lS .84 0 . 40 0 .02 
7601 !!> . S2 0 . 18 • . OS 
76 0 ) 14 . 96 0 . 91 0 . 4 2 
7604 14 . 'J7 o. 94 o. 46 
760S 14 . SS 0 . 99 0 . 4 7 
7606 ll.87 1 . 07 0 . 7) 
760 7 14 . 90 0 . 66 0 . 09 
760 8 14 . )4 1 .0) 0 . 61 
1,09 u .97 o . 9 4 a. so 
7610 IS . OJ 0 .% 0 . 48 
7611 11 . )4 0 . 79 0 . 16 
7611 14 . 72 o . 9S o . n 
761 1 14 . SO 1.00 0.61 
7614 IS . 17 0 .90 0 . 41 
761S 14 . 21 o. 72 0 . 10 
1616 tl . 48 o . 9o o .l9 
7617 lS.'>2 o . 9 4 0.11 
7618 l S.69 0 . 81 0 . 1'> 
761 9 14 . 52 0 . 99 0. 4'> 
7620 tJ . 41 o.9J o . •1 
7621 14 . 10 0 . 86 o . 12 
V 1-v u-1 
7 S06 15 . 21 0 . 88 0 . 11 
H08 lS . 80 0 . 87 o . lJ 
7S0 9 u . ss n . lj7 a. s o 
nu u .74 a.a, 0.2 1 
7512 IS . SB 0.79 0,17 
7Sl) 14 . 80 0 . 9 4 0 . 49 
7514 14 .% 0 . 91 0. 41 
1su 12 . u o . se 0. 16 
7S16 lS .01 0.9 S 0. 10 
7Sl7 ll . 94 o . 76 0. 20 
7Sl8 14 . 70 0.98 0. 47 
7Sl9 14 . 41 0 . 99 0 . 64 
7S20 12 . 70 1. 29 1. 20 
7S21 14 .08 0 . 8 1 0. ll 
7S22 15 . S4 o . 87 o . 28 
7S21 lS .20 0 . 9S 0 . 19 
7S24 ll.69 0.80 0 . 14 
8S01 14 . 16 o. 81 o. l2 
8S02 1).94 0 . 90 O. Sl 
8SOl lS . 48 0 . 8S o. ll 
8504 14 . 87 o.95 o. 41 
8 sos 1 s . se o. 84 o. 25 
8506 ts . st 0 . 62 -.o4 
8S09 11.86 0.60 0.04 
8510 14 .98 0. 89 0. 40 
8Sll 14 . SS 0. 94 O.Sl 
8Sl2 14 . 17 0. 84 o.l7 
BSll 1S.JJ 0.88 O. lS 
8Sl4 14 . 99 0.9 1 0.44 
8SlS 14 . 79 0.9 1 O. S2 
8S16 1 l . 46 0. 91 0 . 0 
8521 15.57 0. 89 0 .18 
8S11 lS .18 0 . 89 0 . 14 
8S2l 14. SS 0.96 0 . 61 
8S14 IS. 49 0 . 84 0 . ; 1 
852S 15 . 78 0. 81 O.Jl 
8516 15 . 22 0.90 0 . 41 
8 517 IS.Se 0 . 88 0.14 
7612 lS.84 0 . 88 0 .10 
71'ill 15.41 0 . 90 a.JS 
7624 15 . l7 o. 98 o. 45 
762S 14 . 10 0.88 o. 18 
7626 15 .26 0 . 92 0. 45 
7627 14 . 47 0. 98 o. ss 
7628 14 . 47 1.02 0 . 60 
7629 1) , )7 1.14 0 . 90 
76)0 14 . 64 o . ss - .09 
76ll lS . 16 0 .90 0. 41 
7612 14 . 29 l.Ol O. S7 
76)) 14 . 0 1.01 0.60 
7614 15 . 10 0 . 92 o. 21 
76lS 14 .04 0 . 81 0 . )0 
76)6 14 .02 0 . 68 0 . 19 
76)7 lS . 16 0 . 91 o. 40 
76)8 14 . J4 1.00 0 . 60 
7619 tS . 6e a . as o . ll 
7640 1S . l6 0 . 87 0 . 24 
7641 14 . 27 1.00 0.61 
7642 IS . SO 0.86 0 . 28 
760 15 . 86 0.87 0.2S 
7644 15 . &J 0 . 89 
764S lS . 7!t o . 19 · .01 
860 ) 14 .07 0.8) 0.27 
8604 lS .60 0.8) 0 . 17 
860 S 14 . 91 O. 91 0 . 46 
8606 1S . 7S 0 . 80 0.18 
8607 15 .20 0.91 0.)5 
8608 ls . 49 o . 90 ('I. )5 
8609 lS . l O 0 . 89 O. l2 
8610 14.91 0 . 94 o. 18 
8611 14 . 12 0 . 8 7 O. ll 
8612 14 .S-O 0 . 97 0 . 59 
861] 14 . )8 1.00 0.6 1 
861 4 ll.48 1.11 0 . 87 
8615 ts . Sl 0 . 87 O. ll 
8616 14 . 61 0.99 O.S l 
8617 15 . 64 a . as o . u 
8618 lS . Sl 0.88 0.21 
e619 u . 79 o . 9 4 o.5 1 
8620 ll .78 1.06 0 . 87 
8621 14 . 48 0 . 98 0 .60 
8622 l J. 99 o . 82 0.18 
862) lS . O O.H 0 . 16 
8624 11 . 71 o. 80 o. 16 
862S 14 . 08 o. 79 o. Jl 
8626 14 .00 0 . 80 0.)6 
8627 1S . S4 0.6S • .OS 
8628 lS . 69 0.89 0 .16 
8629 U . 16 0 . 91 0.)6 
86)0 14 _q7 0 . 88 0 . )8 
86ll lS .01 0 . 9: 0 . 4 1 
86l2 11 . 84 l .OS 0. 71 
86ll U.S4 1.01 0 . 62 
8614 14 . S6 0 . 98 0 . 60 
86)5 14 . 69 0.98 0 . 4f. 
8618 U.lS 1.41 1.64 
86)7 14 . l7 0 . 99 0 . 61 
86)8 14 . 0 4 0 . 81 0 . JO 
86)9 12 . 66 0.99 0 . 77 
8640 11 . ,6 1. 28 l. 29 
8641 14.40 1. 02 0 . 66 
et.H 14 .:"4 0 . 84 0.29 
8641 ll .97 0 . 81 o . ll 
8644 1) . 14 1 .21 1 .09 
860 IS . 11 0.90 0 , 4 1 
8646 15 . 14 0 . 8C'I 0.)0 
8647 14 .00 (1. 14 0.26 
8648 l l.14 1. IS 1.07 
&649 11 . 80 0 . 8) Q. )8 
IMO IS . Bl 0 . 86 
40 
• 701 
1702 
170 ) 
1704 
1705 
1706 
1707 
1708 
1709 
1710 
1711 
1712 
1713 
1714 
1715 
1716 
1717 
1718 
1719 
1720 
1721 
1722 
172) 
1724 
1725 
1726 
1727 
1728 
1729 
1730 
1731 
17)2 
17)) 
1734 
1735 
17)6 
1737 
1738 
17)9 
1740 
1741 
1742 
1743 
1744 
1745 
1746 
1747 
1748 
1749 
17SO 
IHI 
1752 
175) 
1754 
1755 
1756 
1757 
1750 
1759 
1760 
1761 
1762 
176) 
1764 
1765 
1766 
1767 
2701 
2702 
270) 
2704 
2705 
2706 
2707 
270 8 
2709 
2710 
2711 
2112 
271] 
2714 
2715 
2716 
2717 
2718 
2719 
2720 
2721 
2722 
272) 
V 8-V U-1 
14 . 07 0 . 82 O. lS 
14 . 06 0.87 0 . )0 
1) . 62 1.10 0 . 78 
15.46 0 . 82 0 . 68 
14 . 60 0 . 97 0 . 49 
13 . 96 1.01 o . 56 
14 . 59 1.01 0 . 48 
1) . 07 1. 18 0 . 88 
12.)6 1.)9 1.5) 
1) . 99 0.82 0 . ll 
14 . lS 0 . 97 0.50 
14 .02 0 . 82 O. ll 
14 . 09 0 . 84 O. ll 
l) . )J 1.14 0 . 96 
14 . 01 0.85 O.ll 
1) . 82 1.10 0 . 79 
14 . 01 1.04 0 . 71 
14 . 82 0 . 96 0. 48 
14 .21 0.99 0 . 64 
14 . JJ 1.01 0 . 51 
14 . 97 0 . 94 0 . 44 
14 . 06 0 . 8) 0 . ll 
13 .61 1.07 o . 74 
14 . 20 1.02 0 . 61 
14 . 4 2 0 . 97 0.49 
15 . 26 0.92 O.JB 
14 . 4) 0 . 95 0 .49 
13 .9) 0 . 86 0 . 44 
ll . 97 1.00 0 . 56 
14 . 64 0 . 94 0 .)9 
15.10 0 . 9) 0 . )2 
14 .ll 0.99 0 . 45 
14 . )) 1.01 0 . 62 
15 .09 0.90 0 . 27 
13 .21 1.0l 0 . 80 
14 . 17 1.02 0.55 
15 . 14 0 . 92 O. ll 
15. 48 0 . 87 0.19 
14.08 0 . 68 0 . 07 
14 . 45 1.01 0 . 6) 
15.20 0 . 9) 0 . 41 
13. )5 1.00 0 . 61 
14 . 01 0. 78 0 . 29 
15.32 0.94 0 . 34 
15 .09 0.9) 
12.45 1.26 1.32 
13 . 95 0 . 8) 0 . )9 
14 . 07 0.92 0 . 42 
14.20 1.00 0 . 69 
14 .62 1.00 0 . 57 
15 . 2) 0 . 92 0.35 
1).96 0.81 0.32 
14 . 08 0 . 80 O. )) 
14 . 58 1.02 0.61 
14 . 87 0.97 0 . 35 
14.8) 0.96 0 . 49 
14 .52 1.01 0 . 48 
14 . 05 0 . 82 0 . )5 
ll.90 0 . 86 o . ll 
14 . 48 0 . 98 0 . 61 
15 . 11 0 . 87 0 . 47 
14 . 06 0 . 84 0.34 
14 . 75 0 . 99 0. 51 
14 . 07 0.86 O. lS 
14 .71 0 . 98 0 . 60 
ll .52 0 . 84 0 . 55 
14 . 07 0 . 78 o . ll 
14 . 09 0.88 0.)9 
12 . 99 1.04 o . 71 
13.67 1.09 0 . 67 
12.08 1.57 1.87 
ll.98 0 . 82 0 . 37 
ll . lS 1.13 0 . 80 
14 . 02 0 . 80 0 . )9 
14 . 94 0 . 94 0. S4 
ll.98 0 . 88 o . , o 
ll . 97 0.88 0 . )2 
12.89 1.25 1.19 
ll . 74 0 . 87 0.36 
14 .17 1.02 0 . 70 
14 . 0) o . 82 0 . 37 
u .oo 0 . 8) 0. 40 
14 . 2' 1.01 0 . 66 
ll . 89 1.05 0 . 66 
15 . 12 0 . 91 O. )O 
ll . 95 0 . 86 0 . 35 
12.06 1.47 1.75 
1) . 84 1.05 o . 77 
1< .~o o . 98 o . 4J 
Star 
2724 
2725 
2726 
2727 
2728 
2729 
2710 
27)1 
2732 
27)) 
2734 
27)5 
27)6 
2737 
2738 
2739 
2740 
2741 
2742 
274) 
274 4 
2745 
27 46 
2747 
2748 
2749 
2750 
2751 
2752 
275) 
2754 
2755 
2756 
2757 
2758 
2759 
3701 
3702 
370) 
3704 
3705 
)706 
3707 
3708 
3709 
3710 
3711 
3712 
371) 
3714 
3715 
3716 
3717 
3718 
3719 
3720 
3721 
)722 
)72) 
3724 
3725 
3726 
)727 
3728 
3729 
)730 
37)1 
37)2 
)7)) 
)734 
37)5 
)736 
)7)7 
)7)8 
37)9 
37 40 
)HI 
n,2 
)74) 
3744 
)745 
)746 
1747 
)748 
)74i 
3750 
3751 
) 6 52 
)75) 
3754 
V a.-v u-e 
14 . 62 0. 24 0 . 06 
14 . 96 0 . 81 0.27 
15 . 2) 0 . 86 0 . 34 
ll.71 0 . 88 0 . 34 
14 . 02 0 . 84 0.)2 
13.9) 0 . 86 0 . 29 
14 . 0 4 0.84 0 . )6 
1) . 4) 1.10 0 . 76 
1) , 67 0 . 87 0 . )6 
15.09 0.9 4 0.46 
12.2 1 1.4) 1.61 
14 . 01 0 . 84 0 . 40 
1) . 78 0.84 0 . 40 
IJ.51 l.ll 0 . 89 
14 . 00 0.89 0.)) 
l l.22 1.18 1.00 
14 . 5) 0.96 0 . 61 
IJ.07 1.05 0.87 
12 . 88 l.ll 0.91 
14 . 0) 0.78 0.26 
1) . )7 0 . 84 0 . 34 
14 . ll 0.97 0 .60 
14 .01 0.86 o . ll 
14 . 16 1.09 0 . 72 
14.42 0 . 95 0.42 
15.)2 0 . 91 0.)7 
ll . 8) 0.86 0 . 40 
14 . 11 0 . 8) 0.28 
14.00 0.87 0 . 28 
14 .02 0.77 0 . 34 
13. 79 0.80 0. 32 
14 .89 0.97 0.52 
14 . 0l 0.81 0 . 4) 
15 . 26 0.84 O.ll 
11.94 1.6) 1.91 
15 . 07 o. 90 0. 37 
14. 49 0. 99 o . 57 
1).96 0. 79 0.32 
15.40 0.85 0.22 
14 . 40 0.67 0 .01 
ll . 92 0.86 0.28 
14 .50 0 . 96 0 . 60 
14 .77 0,9 8 0.51 
12.07 1.52 1.77 
12.55 1.27 1.22 
14.06 0.88 0.)6 
ll.)4 0 . 85 0.42 
15.06 0.90 0.42 
14 . 05 0.88 0 . 35 
14.08 o.9o o .~ s 
14 . 19 1.01 0 . 60 
ll . 49 1.14 0.91 
ll.65 0.92 0.4) 
ll . 54 o. 85 o. )4 
14 . 24 1.01 0.6) 
ll . 10 Lil 0.84 
15 . )6 0.6) 0.1) 
14 .lO 1.00 0.47 
1) . 87 0.71 0.27 
1).96 0 . 8) 0.)0 
14 . 2) 1.00 0 . 59 
14 .96 0 . 91 0.4) 
14 .06 0.80 O. ll 
14.ll 0.99 0 . 58 
ll.88 0 . 88 0.41 
11.85 1.6) 1.9) 
15 . 41 0 . 90 O. ll 
15.)6 0 . 87 O. ll 
14 . 16 1.00 0 . 62 
14 . 46 0.98 0.57 
14 . 5) 1.02 0.59 
11.98 1.57 1.85 
14 . 01 0.84 0. 37 
ll . 82 O,q2 0 . 35 
ll . 65 0 . 91 0 . )9 
1) . 92 0.86 0 . )9 
14 . 55 0 . 97 0 . 58 
14 . 1U 0 . 94 O. Sl 
14 . 51 0 . 9) 0 . 46 
ll . 96 0 . 87 0 . )7 
1) . 96 0 . 82 0 . )0 
15 . 28 0 . 89 0 . )0 
15 . 47 0 . 84 0 . 21 
14 . ll 0 . 97 0 . 40 
14 . 47 1.00 0 . 54 
14 . SO 0 , 99 0 . 60 
ll . 66 1.09 0 . 7) 
14 . ll 0 . 98 0 . 58 
15 . 17 0 . 91 0 . 52 
15 . 22 0 . 91 0. 45 
St.er 
)755 
)756 
3757 
3758 
3759 
l160 
3761 
3'62 
4701 
4702 
470 ) 
470 4 
470 S 
4706 
470 7 
4708 
4709 
4710 
4711 
4712 
471) 
4714 
4715 
4716 
4717 
4718 
4719 
4720 
4721 
4722 
472) 
4 '1 24 
4725 
4726 
4727 
4728 
4 729 
47)0 
47)1 
4732 
47)) 
4734 
4735 
4716 
4737 
4738 
4739 
47.CO 
4741 
4742 
474 
4744 
4745 
4746 
4747 
4748 
4749 
4750 
4751 
4752 
•HJ 
5701 
5702 
570) 
5704 
5705 
5706 
5707 
5708 
5709 
5710 
5711 
5712 
571) 
5714 
5715 
5716 
5717 
5718 
5719 
5720 
572 1 
5722 
572) 
5724 
5725 
5726 
S727 
5728 
5759 
V a-v u-1 
Riag 
13 . 84 0 . 90 0 . 28 
14 . 11 0.86 0.)5 
14 . 04 0 . 89 0 . 42 
12 . 29 0 . 60 0.04 
14 . 10 o. 79 0 . 25 
14 . 0) 1.0) 0 . 67 
15 . 09 0.91 0.40 
15 . )9 0.88 0.)1 
ll.41 1.16 0 . 84 
14 . 49 1.01 0 .62 
14 .06 0.90 0 . )5 
14 . 07 0 . 91 0 .22 
ll . 16 1.19 0 . 94 
14 . ll I.OJ 0.62 
14 . 2) 1.02 0. 58 
14 . 85 0 . 95 0 . 46 
14 . 89 1.05 0 . 6) 
1).40 1.25 0.99 
IJ . 76 0. 88 0 . 40 
14 . )5 0 . 99 0 . 61 
14 . 0 4 0 . 8) 0 . )0 
14 . 49 0.94 0.59 
II.OJ l. 74 
ll.96 0 . 88 0.)5 
ll.78 1.11 0 . 80 
ll . 94 0.90 0.49 
ll.11 1.18 0.98 
ll . 69 0 . 87 0 . 28 
IJ.94 0.84 0 . 29 
1) . 97 0 . 86 0. 35 
15 . 18 0 . 90 0.40 
IJ.85 0.90 O. l8 
15.02 0.92 0 . 4) 
ll.69 0 . 92 0.45 
ll.86 0.84 0 . 47 
11.66 1.5) 1.75 
11.98 1.52 l. 79 
14 . 05 
ll . 80 
ll.86 
ll.89 
14 . 47 
1) . 91 
1, . 06 
0 . 86 0 . 28 
1.08 0 . 79 
0 . 85 0. )6 
0 . 85 0.34 
0 . 94 0. 58 
1.05 0. 74 
0 .86 0. 28 
12 . 9~ 1.26 1.12 
14 . 71 0 . 92 0 . 48 
14 . 54 0.98 0 . 5) 
1) . 89 0 . 85 0.)9 
11.94 1.61 1.91 
14 . 19 0.60 0 . 08 
14 . 24 0.99 0. 59 
14 .64 0 . 9) 0.55 
12 . 16 1.42 1.57 
ll . 88 0 . 78 0.24 
ll . 99 0 . 82 0. ll 
ll . 11 1.20 1.11 
14 . 77 0. 95 0. 41 
14 . 02 0.84 0 . 34 
11 . 99 1.56 I. 79 
1) . 57 1.08 
9 . 06 0 .78 0.25 
ll . 41 1.ll 0.92 
12 . 45 I.JO 1.26 
ll . 92 o. 77 0.22 
1) . 69 1.11 0.81 
14 . 59 0 . 9) 0 . 46 
14 . 76 o. 94 o. 45 
14 .01 0 . 90 0 . 44 
ll . 94 0 . 85 0.)8 
14.04 0 . 87 o. 26 
14 . 05 0 . 89 0 . 27 
ll . 75 0.92 0.49 
15 . 04 0 . 91 0 . 45 
14 .01 0 . 86 0 . 25 
14 . 61 o . 9• o . •· 
15 . 02 0 . 87 0 . )5 
1) . 11 1.17 1.08 
14 . 0 4 0 . 86 0 . 27 
14 . 02 O. Bl 0.38 
13 . 14 1.19 I.Ol 
1).91 1.04 0 . 75 
14 . so o . 99 o . 65 
14 . 07 0 . 85 0 . 26 
lS . 41 0.86 0.17 
1) . 51 0 . 91 0 . 41 
14 . 82 0 . 9) 0 . 49 
14 . 55 0 . 97 0 . 55 
14 . 41 0 . 97 o . S9 
14 . 8) 0.94 0.5) 
It.er 
5730 
57)1 
57)2 
57)) 
S7l4 
57 )5 
57)6 
S717 
S718 
57)9 
S740 
5741 
5742 
574) 
6701 
6702 
670) 
6704 
6705 
6706 
670 7 
6708 
6709 
6710 
6711 
6712 
671) 
6714 
6715 
6716 
6717 
671~ 
6719 
6720 
6721 
6722 
6723 
6724 
6725 
6726 
6727 
6728 
6729 
6730 
6731 
6732 
67)) 
6734 
6735 
6736 
6737 
6738 
6739 
6740 
6 741 
6742 
674) 
6744 
6745 
6746 
6747 
6748 
6749 
6750 
6751 
6752 
675) 
67 54 
6 755 
6756 
6757 
6758 
6759 
6760 
6761 
6762 
676) 
6764 
6765 
6766 
6767 
6768 
7701 
7702 
770) 
7704 
nos 
7706 
7707 
7708 
V &-V u-• 
14.05 0 . 8) 0 . )2 
14 . 07 0 . 86 0 . )2 
IJ.93 0.87 0 . 21 
14 . 7) 0 . 91 0.47 
15.02 0 . 9) 0 . )5 
15 . 20 0 . 95 0 . 46 
ll.41 1.15 0 . 95 
14 . 42 1.00 0 . 64 
14 . ll 0 . 99 0 . 54 
12 . 40 1.37 1.55 
14 . 86 0.97 0.35 
14 . 96 0.98 0 . )9 
15 . 18 0 . 90 0 . 40 
ll.ll 1.16 1.02 
12 . 65 1.26 1.16 
14 . 94 0 . 89 0 . )7 
14 . 06 0 . 85 O. )O 
14 .o, o . 92 0 . 29 
14 . 51 1.02 0 . 61 
14 . 06 1.0) 0 . 69 
ll . 99 1.09 0 . 71 
14 . 98 0 . 91 0.4) 
14 . 01 0 . 85 0. )5 
14 . 92 0 . 9) 0.47 
ll.34 1.17 0 . 96 
IJ.88 0 . 88 0 . 43 
14 . 88 0 . 9) o.u 
15.28 0 . 88 0.26 
ll . 81 1.06 o. 73 
12.87 1.15 0 . 97 
15 . 15 0 . 92 0 . 45 
12 . 24 1.27 0.97 
ll . 72 I.OB 0.72 
14 .28 0.9S 0 . 49 
ll.90 0.82 0.37 
14 . 51 0.97 0 . 45 
14 . 57 0 . 98 0.49 
15.27 0 . 90 0 . )6 
14 . 49 0 . 99 0 . 62 
ll.27 1.11 1.02 
12 . 78 1.27 1.26 
ll.84 0 . 82 0.)6 
14 . 34 0 . 97 0 . 61 
12 . 62 1.)0 1.)5 
14 .96 0.94 o. 37 
ll.61 0.88 O.ll 
14 . 02 0 . 80 0 . 25 
14 .02 0 . 79 O. ll 
1).4) 0 . 99 0 . 62 
IJ.75 0 . 89 0 . 35 
ll . 27 1.16 0 . 96 
ll.)7 1.15 0 . 92 
14 . 05 0 . 85 O. H 
14.05 0.81 0 . 25 
14 . 46 1.00 0. 58 
ll . 89 1.04 0. H 
13.26 0 . 78 0 . )9 
14 . 06 0.85 O.ll 
11.99 1.56 1.86 
15.24 0.86 0.37 
15.16 0.88 0. )9 
15.27 0 . 88 0 . 29 
14 .52 0.95 0 . 47 
14 . 64 0.96 0 . 47 
14 . 5) 0.98 0 , 57 
15. ll 0 . 89 0.)5 
14 . 10 0 . 90 0 . )6 
14 . 82 0.95 o . 51 
14 . 08 0 . 85 0.)0 
1).64 0 . 92 0 . 42 
14 . 05 1.02 0. 74 
14 .91 0 . 96 0.44 
15.ll 0 . 88 0.4) 
IJ.94 0.76 0 . 25 
14 . 0 4 O. BB 0.16 
12 . lO 1.42 1.65 
15 . 10 0 . 91 0 . 40 
14 . 10 1.01 o . 72 
12 . 47 1.)0 1.78 
11.87 1.61 1.86 
1) . 90 0 . 86 0 . 40 
14 . 06 0 . 81 O. l2 
14 .00 0 . 86 0 . )8 
1) . 98 0 . 86 0.29 
14 . 86 1.0) 0 . 58 
ll . 12 1.11 1.04 
14 . 04 0 . 87 0 . )6 
Stu 
7709 
7710 
7711 
7712 
771) 
7714 
7715 
7716 
7717 
7718 
7719 
7720 
7721 
7722 
7723 
7724 
772S 
7726 
7727 
7728 
7729 
77)0 
77)1 
7732 
77)) 
7734 
7735 
77 )6 
7737 
77)8 
7739 
7740 
77 41 
8701 
8702 
870) 
8704 
8705 
8706 
8707 
8708 
8709 
8710 
8711 
8712 
871) 
8714 
8715 
8716 
8717 
8718 
8719 
8720 
8721 
8722 
872) 
8 72 4 
8725 
8726 
8727 
8728 
8729 
87)0 
87)1 
8732 
87)) 
8714 
8735 
87)6 
87J7 
87)8 
8719 
8740 
8741 
8742 
874) 
87U 
874S 
8746 
8747 
8748 
8749 
8750 
8751 
~752 
875) 
875• 
8755 
87S6 
8 757 
V .... v u-1 
14 . 99 0 . 9) 0 . 47 
ll .96 0 . 8S 0 . 35 
11.6) 1.08 0 . 85 
ll . 95 0 . 87 0 . )6 
14.04 0 . 82 0 . 19 
ll.32 0 . 96 0.49 
14 . 06 0 . 84 0 . 34 
ll . 92 I.OS 0 . 67 
14 . 06 0 . 84 0.)7 
14 . 79 0 . 96 0 . 49 
14 .51 0 . 99 0 . 62 
ll . 9) 0 . 81 0 . )0 
14 . 04 0 . 82 0 . )5 
14.58 1. 0 0 0.58 
12. 7S 1.28 1.10 
14 . 09 0.86 0 . )) 
ll.09 I.OB 0 . 74 
11. 77 1.62 1.91 
ll. 20 1.04 0 . 71 
14 . 28 0.99 0.61 
14 . 6 4 0 . 66 - . 01 
14 . 02 0 . 8S 0.27 
1) . 95 0 . 8) 0 . )6 
ll.75 1.06 0 . 81 
1).75 0. 89 0 . )9 
1) . 87 0.87 0 . )6 
14. 0 4 0 . 84 0 . 4S 
14 . 01 0 . 89 0 . 28 
14 .92 0.89 0 . 41 
14 .68 0.9) 0 . 34 
14 . ll 1.02 0 . 6 4 
14 . 82 0.96 0.51 
15.24 0.19 - . 20 
1) .97 0 . 86 0.42 
14 .5) 0.98 0.51 
lS.09 0.92 0.45 
11. 86 I. 61 I. 84 
12.26 1.40 1.59 
1) . 96 0.86 0.)5 
12 .24 1.42 1.62 
ll . 98 1.05 0. 74 
1) . 71 0.90 0 . )9 
IJ.10 1.0, 0 . 82 
1' . 06 0 . 89 o. ),C 
14 . 78 0 . 96 0 . 44 
14 . 52 0 . 98 0 . 55 
1 ) . 8) 1.05 
ll . 80 1.07 0 . 70 
14 .62 0.98 o . 5) 
u . 49 o. 99 o . S4 
14.20 1.02 0 . 7) 
14.06 0 . 92 o . )4 
14.07 0.86 0.37 
IJ.20 1.16 1.06 
14 .19 1.00 0. 6 5 
ll.77 1.07 0.78 
!).08 1.09 0.86 
14 . 05 0.90 0 . )6 
l l.79 0.90 0 . 34 
14 . 01 0.8J 0. 4) 
u . 08 o . 8J o . 4J 
14. 0 0 0 . 81 0 . )7 
14.S7 o.96 a.so 
ll.96 0 . 88 O. ll 
ll . 90 0 . 75 O. ll 
14 . 89 0 . 97 0. 49 
1) . 27 0 . 88 0 . 5) 
14. 00 0 . 85 0 . )2 
14 . 12 1.02 0.62 
14 . 22 1.0J 0 . 64 
lS . 14 0. 98 0.21 
lL S2 l. 34 1.49 
11 . 81 1.12 1.01 
14 . 71 1.00 o . so 
14 .04 0 . 8 4 O.ll 
ll.73 0 . 91 0 . 46 
11.9) l.64 1. 72 
1S .O J 0 . 91 O. J9 
14.00 0 . 89 O. ll 
14 . 68 0 . 98 0 . 47 
14 . 58 1.01 o.,e 
lS.27 0 . 92 O.JS 
14 . 00 o . 1] 0 . 21 
14 . 46 1.00 0 . 64 
14 . 56 0 . 97 0.52 
l4 . 4S 0 . 96 O. S8 
lS . 0 1 0 . 94 0 . 48 
11. 72 1. 70 1.9S 
15.17 0 . 9) 0 . 45 
41 
42 
ring, the B correction is calibrated out. This is confirmed by comparison 
of the C-M diagrams for stars in rings 4-6. Table 5 lists the photographic 
magnitude and color results. V and B-V values for stars in rings 1-5 are 
from 10 min plates. For rings 6 and 7 data for the brighter stars 
(V < 14.2) are frcm 5-7 min plates, and for fainter stars from the 10 min 
plates with correction extrapolated from the above. U magnitudes were 
obtained from two 1 hour and one 1.5 hour plates. The two-color diagram 
indicates no significant background effect for the U magnitudes in the 
inner rings. It should be noted that due to the poor quality of their 
images on the IIaO plates, the photographic data in table 5 for the outer 
rings 1 and 2 are not r e liable except for the bright (V < 14.3) stars of 
ring 2. 
2. 3 Accuracy of Photographic Photometry 
The calibration data have been used to identify the several 
contributing errors in the photographic photometry (table 6). 
Mag e:t 
V 0.025 
B .027 
U .034 
TABLE 6 
MEAN ERROR 
e: 
e 
0.022 
.023 
.031 
e: p 
0.010 
.013 
.010 
e: 
m 
0.01 
.01 
.01 
e: p+m 
0.012 
.015 
.012 
The total error , £ , was de rived from the deviations of the p~otoelectric 
t 
star r esults from the adopted photographic calibration curve. It was 
assumed to have three components; the measuring error , e:m (estimated 
from several measurements of the one plate), the plate error, e: p 
(determined by comparison of other plates with one reference plate), 
and the intrinsic photoelectric error, e: (derived by subtracting 
e 
FIG. 5. - The difference between the present pe (filled circle) and pg (filled 
triangle) values and Cannon's pe values in the sense (the present minus Cannon's) 
plotted against the present magnitude, VL. 
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most ring 7 the differences between the present pg and Menzies' pe values. 
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cm and £p from ct). m This latter error is on average 0.01 greater than 
that derived in table 3. The difference can be attributed to errors 
i nvolved in the photoelectric calibration and the magnitude and colors 
of the primary standards. £ in table 6 is the sum of£ and£ . p+m m p 
Systematic errors in the photographic photometry can arise from 
the distribution of the photoelectric stars in magnitude and color. 
In the present work there are only a few stars fainter than V = 14.5 
(fig. 9). This might cause systematic errors for the fainter stars, 
but should not seriously affect the main conclusions of this study which 
apply to stars brighter than V = 14.2. 
3. COMPARISON WITH PREVIOUS \'lORK 
In figures 5-8 the photometry of §2 is co~pared with that of 
several previous workers. In each case magnitude and color differences 
are plotted (in the sense present data - other data) against present 
magnitude, VL or color (B-V)L. 
Figure 5 shows the comparison with Cannon (1974). No systematic 
difference is apparent in V or (B-V), but cannon's (U-B) colors are 
m 
-0. 04 redder for the HB stars than the present. The difference is 
undoubtedly in the U color and is of the order of the photoelectric 
error in this color. 
Figure 6 shows the comparison with Menzies (1973). Menzies' V 
magnitude is - 0~04 and - 0~06 fainter in the case with and without Wildey's 
stars, respectively. This difference might be caused by crowding and 
background effects in the photoelectric observations in the inner region. 
There is no difference in (B-V), but Menzies' (U-B) is - 0~04 redder for 
the blue stars. 
Figure 7 shows the comparison with Eggen (1972). Although the 
sample is small Eggen's v and B-V are on average -0~085 fainter and 
m 
-0.02 bluer r espectively. The large difference in V similar to that 
49 
in Menzies ' data could result from the crowding and background effects 
because Eggen's photoelectric stars are in the innermost ring 7. There 
is no difference in U-B. 
Figure 8 shows the comparison with Tifft (1963). There are 
136 photographic stars common to both investigations although it is 
possible that some misidentifications may be included. There are 
systematic differences in V and B-V. The former difference is clearer 
against VL, showing a magnitude effect, and the latter difference against 
(B-V)L, showing a color effect. Since the stars in the outer rings 3 
and 4 also show systematic differences, they are probably due mainly 
to the photographic transfer to the local sequence in 47 Tue from the 
region near NGC 121, rather than by crowding and background effects. 
This error source was also pointed out by Menzies (1973). Tifft's V 
and B-V are -0~01 fainter and -O~ll bluer respectively. 
No direct comparison with Hartwick and Hesser's (1974) data 
is possible; instead their C-M diagram and the present one are compared 
in §4. No comparison with Wildey's (1961) data is made here because 
systematic differences are so apparent from his C-M diagram as previously 
discussed by Menzies (1973). In table 7 all the comparisons are summarized. 
TABLE 7 
COMPARISON OF PHOTOELECTRIC OBSERVATIONS OF 47 TUC 
Author 
Lee 
Cannon 
(1974) 
Menzies 
(1973) 
Eggen 
(1972) 
Tifft 
(1963) 
r 
6 1 - 27 I 
9' - 24' 
6' - 21' 
6' - 9' 
6' - 21' 
t:N 
0.00 
-0.06 
-0.085 
-0.01** 
t:, (B-V) t:, (U-B) 
0.00 0.04* 
0.00 0.04t 
-0.02 0.00 
-0.11** 
r is the region where the comparison was made 
negative differences in V and (B-V) mean fainter and 
bluer relative to the present data 
* difference is for the HB stars 
t difference is for stars bluer than (B-V) = 1.1 
**mean values averaged over all systematic differences 
4. THE C-M DIAGRAM 
Six C-M diagrams for stars in 47 Tue are plotted in 
50 
figures 9-11 to illustrate the relative distribution of different branch 
stars within the cluster and to examine selection effects. In figure 9, 
all the photoelectric stars are plotted using their photoelectric values. 
The red giant branch is well defined and its width is negligible. A large 
gap in the branch appears near V = 12.6. The asymptotic giant branch 
is clearly shown and extends to near the tip of the RGB; there is 
evidence for some clumping along the branch. The HB is also clearly 
defined and some supra-RB stars are in evidence. A large scatter in RGB 
is shown near V = 14~5. 
The stars in the outer rings 2 (stars with V < 14.2) and 3 are 
Plotted in figure lOa, including the photoelectric stars in these rings. 
FIGS. 9, 10 and 11. - The C-M diagrams for 47 Tue. Figure 9 is for the 
pe stars using the data in tables 1 and 2. Figure 10 is the stars in rings 
2-3, (a): in rings 4-5 (b): in ring 6 and (c): in ring 7 (d): using the 
data in table 5. Figure 11 is the superposition of the C-M diagrams in 
figure 10. In fig. 10a stars fainter than V = 14.2 in ring 2 are not 
plotted. Filled triangles in fig. 10 denote the pe stars which are plotted 
with their pg values. 
•
 
•
 
•
 
0 
•
 
•
 •
 • 
•
 N
 
•
 
•
 
' 
.
 
•
 
•
 
.
 
•
 
·: >
r 
.
 
.
 
•
•
 •
 
•
 '· 
•
 
'> .
.
.
 
•
 >
 
•
 
•
 
•
 •
 •
 
•
 •
 
•
 •
 • 
•
 
•
 M
 
•
 
•
 
•
 
·: .. 
•
 
•
 
.
 .
 , .
.
 
' 
•
 
•
 
'
·
,
 t I 
.
.
.
.
 •• 
•
 
1,o 
•
 
•
 I• 
.
 
.
 
.
.
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
,() 
9 co 6 ,0 
6 9 0 
51 
>
 I 
co 

52 
~
 
4 
4 
'9 
•
 
•
 
1 
.
 
•
 
•
 
•
 
~
 
•
 
4
4
 
4 
1 
<I 
•
 
~ 
4 
•
 
4<1 
4
4
 
.
 
•
 
<I 
•
 
4 
•
 
•
 
•
 
<I 
<I 
.
4
 
.
 
9 
<I 
<) 
•
 
: 
\
"
,
 
•
 
•
 
.
 
<I 
4 
~
 
•
 
•
 
4 
4 
•
 
•
 
•
 
>
 
~s 
•
 
•
•
 
•
 
.
 .
 
I 
<I 
•
 
.
 : ~ .
 
.
 .
 
.
 :· .
 
a) 
.
 
<I 
•
 
.
 .
 
•
 
C
l) 
<I 
.
 
6 
•
 
4 
.
 
<I 
<I 
.
.
 
.
 
.
 .
 
<14 
<I 
.
 
•
 
•
 
•
 
.
 •
 
<I. 
4 
•
 
•
 
' 
•
 
•
 
<I 
•
 
<I 
4 
•
 
.
 
<I 
•
 
•
 
.
 
<> 
.
 
6 
•
 
4 
•
 
•
 
•
 
•
 
.
 
.
.
., 
.
 
6 
•
 
M
 
0 
all 
6 
N
 ~ 
<
').,.. 
·
.::: 
CII 
CII 
C 
C 
£ 
;;; 
·
~
 
·c 
I!:! 
ii, 
.£ 
.£ 
~
 
.:9 
rj 
:;; 
0 
1/) 
U
J ii> ii, 
I 
Q.. 
llJ 
4 
•
 
<I 
0. 
0 
N
 
M
 
>
 
'If 
.,., 
<> 
"
 
Figure lOb. 
.
.
.
 
.
.
.
 
.
.
.
 ' 4 ... 
.
.
.
.
.
.
 
•
 ..
.
 
.
.
.
 
.
.
.
 
.
.
.
 
•
 
.
.
.
 
.
.
.
 
•
 
•
 
•
 
Ll'I 
all 
~
 
~ ·.: .~ ; Vl 
.0
 
0 
N
 
>
 .
.
.
 
•
 
•
 
.
.
.
 
.
 
"'"" ..
.
 •
 
.
.
.
 
' • 
.
 ~ 
•
 
•
 
•
•
 ...
 
M
 
•
 • 
.
.
.
 
•
 •
 
'st 
.
 •
 
.
.
.
.
 
'\ 
.
 
53 
•
 
•
 
2 >
 I 
.
 
.
 
•
 
.
 
,~ 
.
 
•
 
.
 
.
 •
 .
 
•
 
co 
co 
6 
.
 
.
 
.
 
.
 
.
 
•
 
.
 
.
 
•
 
.
 
•
 
.
 
.
 .
 
•
 
•
 
•
 •
 
.
 
•
 
.
 
.
 .
 
.
 
.
 
•
 • 
.
 •
 
.
.
.
 
.
.
.
 
•
 
6 N 6 0 6 
.
.
.
 
N
 
6 I 
V
') 
>() 
"
 
.
 
u
 
0 ....
 
Cl) 
~ & 
·
.
-l 
µ., 
•
 
' 
.
 
.. 
.. 
.. 
.. 
•• •
 
•
 
u
 
L
_
--k
-o
--~
--
'"' 
0. 
>
 
... 
.
.
.
.
 
.
 
... 
.
 
.
.
 
: 
... _,. 
.. 
.
 
.. 
.. .
 -•
 
•
 
·
·ai ..
.
.
 ~
 
•• 
.
 
:
~
 .
.
.
 
·
~
~
:·.' 
.
.
 
.,. 
.
.
 
, .
.
.
 
-1
 
' 
.
.
 ,, 
'" .. 
.
 
.
 ..
.
.
 
.
 .
 
.
 
.
 
.
 
.
 
•
 
.
 
•
 
•
 
.
 
.
 
.
 
.
 .
 
.
 
.
 
.
 
.
 
.
.
 
•
 •
 
•
 
•
 
,.:.. 
<? ,0 
6 N 6 >
 I co 54 

•
 
•
 ..
 ,
 
.
.
 , .
 
•
 
.
.
 
•
 •
•
•
 
.
.
 .
 .
 
.
 .
 
.
 
•
•
•
\I 
•
 
t <·a.· 
.
 
.
 ~
' 
.
.
 
\ 
.
 
.: .
.
 
•
 
.
.
.
.
.
.
 
.
.
.
.
 
°"'' 
•
 
•
 
.
 .
 
' 
.
 
.
 
.
 • 
.
 
•
 .
 • 
•
 
0 
N
 
>
 
M
 
•
 
.
 
.
 
~
.
 
.
 
·
-
'
~
 
' 
.
 
.
.
 
•
 .
 ,,_
, .
 
•
 
•
 .
.
 
•
 
.
 
•
 
.
 
.
 
•
 
•
 
f 2 ! c:,i 2 co 6 ,0 6 "! 0 N 6 0 6 N 6 I 
55 
>
 I co 
.
 
r-1 
r-1 
Cl) 
M
 
& 
•rl 
µ, 
.
.
 
•
•
 
.
 
.
 
.
 
•
 
•
 
.
 
.
 
.
 
.
 
.
 
•
 
r--I 
N
 Ill 
O
I 
C 
·c 
-
~
 
f .,, 
vi 
a
, 
0 
•
 
·~
 
.1. ,., 
.
 ,
 
•
 
I 
.
 
•
 
.
 
.
 
.
 
.
 
'"
 
,·-: 
.
 
•
 71, ";a. 
•
 
•
 
•
 
•
 
.
 
N
 
.
 
.
 •
 •
 
.
 
>
 
•
 
.
 
•
 
.
 
.
 
.
.
 
.
 .
 
.
 
,
 
.
 
•
 
.
 
•
 
.
 
•
 
.
 ·
':"· 
.
 
.
.
 
.
.
 
.
 
.
 
.
 
•
 •
 
•
 
•
 
I 
.
.
 
~
·:t,· .
.
 
.
 ' 
' 
.
 
.
 
.
.
.
.
.
.
 
., 
.
 
.
 
.
 
•
 
.
 
.
 .
.
 -
.
.
 
.
 .
 
•
 
.
 
.
 
.
 
.
 
.
 ,
 .
.
.
.
.
.
 ~ 
·
 
.
 
·
-
·
.' : 
.
 
.
 
.
 
.
.
.
 
.
 
I• 
•
 
.
.
 
.
 
.
 .
.
.
.
.
.
.
 : 
.
 
.
 .
.
.
.
 
.
 
.. 
.
 
.
.
 
•
 
.
 
.
.
.
 
-
•
 
M
 
•
 
.
.
 .
 
.
 .
 
In
 
.
 
.
 
•
•
•
 
.
 .
 •
 
ID
 
56 
9 >
 I 
(0 
~
 
0 ~ 
0 0 0 ~ 
0 
(In figs. 10-11 the photoelectric stars are plotted with their 
photographic values; filled triangles.) In figure 10b the stars 
i n rings 4 and 5 are plotted. The seven pe stars within 13 < v < 14 
and 0.9 < B-V < 1.1 along the AGB are in ring 5. The stars in rings 6 
and 7 are plotted in figures lOc and 10d, and the superposition of all 
C-M diagrams is figure 11. 
4. 1 The Blue Stars 
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Two very blue stars around B-V = -0.1 and V = 15 are shown in 
figure 11. The fainter star (in ring 6) is M45 in Menzies' data (1973) 
and its membership was suggested by cannon (1974). The brighter star 
(in ring 5) was photoelectrically observed, and its proper motion data 
(Cannon 1972) show possible membership of 47 Tue. Chun (1975) found 
another blue star within 2' of cluster center and its location in the 
C-M diagram is near the stars of figure 11, i.e., V _ 14.5 and (B-V) 
- -0.1. If these blue stars are members of 47 Tue (the chance grouping 
of these stars seems unlikely), the C-M diagram of 47 Tue is very similar 
to that of the anomalous cluster NGC 2808 observed by Harris (1974), who 
interpreted a large unpopulated gap between the red HB stars and the 
blue HB stars as due to a possible mass distribution along the HB. 
Further detailed observations of these blue stars are needed to test 
their membership. 
Two other blue stars (in ring 7) near B-V = 0.2 appear to be 
blue stragglers but their uncertain (U-B) requires some further 
observation . 
4.2 The Variables 
One short period variable, HV 814 (7317 in table 5) was 
determined by Feast et al ., (1960) to be c type RR Lyrae of period 
0?311. Their spectroscopic observations indicate membership. 
Of the three red stars observed photoelectrically; one, 1421, seems 
certain to be a long period red variable; the others are suspected 
to be as such . Their data are given below: 
Star J.D. V B-V U-B 
1421 2,441,602 12.27 1. 68 1. 58 pe 
1,670 12.26 1.67 1. 74 pg 
2,017 11.86 1. 67 1. 75 pe 
2,342 12.20 1. 71 1.67 pe 
3512 1,670 11. 78 1.65 1.99 pg 
1,868 11. 72 1. 66 1.90 pe 
2,307 11. 85 1. 59 2.02 pe 
7320 1,606 11.92 1. 76 1.91 pe 
1,670 12.15 1. 71 1. 83 pg 
4.3 Comparison With Other C-M Diagrams 
In figure 12 the mean loci of the cluster branches (obtained 
from figure 11) are compared with the results of Tifft (1963) and 
Har twick and Hesser (1974) for 47 Tue, and those of Arp and Hartwick 
(1971) for M71. Tifft's curve is entirely displaced toward the blue, 
58 
and the bright part of the RGB shows a systematic increase in brightness , 
although there is no difference in the mean magnitude of the HB (cf. 
figure 8). Hartwick and Hesser ' s curve is completely consistent with 
the present work down to the HB. The discrepancy between the lower 
parts of two C-M diagrams may be due to the small number of faint 
photoelectric stars (V > 14.5) in the present investigation. The shape 
of the lower part of the Hartwick and Hesser's C-M diagram is exactly 
the same as that for M71, while the bright upper part of the latter is 
steeper than the former. None of the C-M diagrams of other metal rich 
clusters, i.e ., NGC 6352 (Hartwick and Hesser 1972), NGC 6171 (Dickens 
and Rolland 1972), NGC 6356 (Sandage and Wallerstein 1960) and M69 
(Hartwick and Sandage 1968) are as well defined as the present 47 Tue 
diagram 
, and detailedcomparison for each branch cannot be made at this 
stage. 
FIG. 12 . - A composite schematic C-M diagram for 47 Tue and M 71, obtained 
by superimposing their horizontal branches, after reddening corrections were 
made. The dashed, dotted and solid lines are the C-M diagram for 47 Tue by 
Tifft, Hartwick and Hesser and the present author, respectively. The dashed-
dotted line is for M 71. 
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5. THE TWO-COLOR DIAGRAM 
The photoelectric sequence stars are plotted in figure 13a 
using the ir photoelectric values. Their photographic values are used 
i n figure 13b for the stars in the outer rings 2-5, and in figure 13c 
f or the stars _in the inner rings 6-7. All field stars are again plotted 
i n figure 13d where the photoelectric values are used only for the 
secondary standards, SMC stars and T (table 1). When a star is located 
far from any branch in the C-M diagram, it is assigned as a definite 
fie ld star if it is near the standard relation (Johnson 1966) in the 
two-color diagram, and as a probable field star otherwise. In figure 13d 
the continuous line is the mean of all the cluster giant and subgiant 
s tars. 
5.1 The Reddening and Parameters for Metal Abundance 
The foreground reddening was estimated from the photoelectric 
f ield stars in figure 13a and again from all the definite photographic 
f ield stars in figure 13d. The two estimates are consistent with 
EB-V = 0.04 ± 0.01, which is the same as that derived by cannon (1974). 
Hartwick and Hesser (1974) also adopted this value as a mean from four 
different reddening sources. The revised cosecant law by Burstein and 
McDonald (1975) gives a similar reddening, E V = 0.05. In figure 13 B-
the dashed line is the reddening free relation corrected by the 
reddening law E E = 0.72 using E = 0.04. U-B/ B-V B-V 
Adopting the reddening E = 0.04 and M = 1.0 for the B-V V 
absolute magnitude of the horizontal branch (whose visual magnitude 
is mv = 14.06), the true distance modulus for 47 Tue is (m-M)
0 
= 12.94. 
At the reddening free color, (B-V) = 1.0 the mean line in figure 13d 
0 
gives an ultraviolet excess for giant stars , o(U-B ) = 0.15 ± 0.02, 
which Yields [Fe/H] = -0.87 ± 0.2 (relative to the Hyades) from 
Hyd 
the relation for the K-giant stars given by Wallerstein and Helfer (1966) · 
, 
I I 
FIG. 13a. - The two-color diagram for 47 Tue. The pe 
stars using the pe data in table s 1 and 2. 
Symbols for a, b, c and dare: • = RGB stars, 
A= AGB stars, L::.= HB stars, T = probable field stars, 
C = definite field stars. 
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FIG. 13b. - The two-color diagram for 47 Tue. The stars 
in rings 2-5 using the data in table 5 (only stars brighter than 
V = 14.2 in ring 2 are plotted). 
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b 
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FIG. 13c. - The two-color diagram for 47 Tue. The stars 
in rings 6-7 using the data in table 5 (stars fainter than 
V = 14.2 are not plotted). 
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FIG. 13d. - The two-color diagram for 47 Tue. Definite field stars 
using the data in tables 1 and 5 for the SMC stars and pe star, T. The 
solid line repres ents an unreddened Population I relation, and the dashed 
line the reddening corrected line along the slope of reddening line, 
E 
8
/E = 0.72 using E = 0.04. The short solid line is the mean 
U- B-V B-V 
line for all the cluster giant and subgiant stars. 
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This is smaller than the values estimated by Hartwick and Hesser (1974) 
and McClure and Osborn (1974) since the above ultraviolet excess is 
greater than those obtained by Eggen (1972) and Menzies (1973). The 
other metal indices, ~Vat (B-V) = 1.4 (Sandage and Wallerstein 1960) 
0 
and (B-V) (Sandage and Smith 1966) are ~V = 1.83 and (B-V) = 0.98. 
o,g o,g 
These metal indices indicate that 47 Tue is one of the extremely metal 
rich clusters, cf., ~v = 1.86 and (B-V) = 0.93 for M71 (Arp and 
o,g 
Hartwick 1971), ~V = 1.6 and (B-V) = 1.0 for M69 (Hartwick and Sandage 
o,g 
1968) and ~V = 1.52 and (B-V) = 0.99 for NGC 6352 (Hartwick and Hesser 
o,g 
1972) • 
5. 2 Differences In The Ultraviolet Excess 
In general the AGB stars have a smaller ultraviolet excess 
than the RGB stars; this difference is very obvious in the inner region 
which has more AGB and RGB stars (fig. 13c). In order to examine whether 
this effect can be explained by the surface gravity (Sandage and Walker 
1966), the ultraviolet excess of those stars in the range of 0.9 < B-V < 1.10 
are plotted against V-mag in figure 14. The solid line in figure 14 is 
the predicted effect of changes in surface gravity, and the filled and open 
circles are the AGB and subgiant stars, respectively. Allowing for the 
observational error (-0.03) in (U-B), it can be seen from fig. 14 that the 
difference in the ultraviolet excess is entirely attributable to gravity 
effects. When all the stars except for the subgiants in the inner rings 
6-7 were plotted using their photographic values, a similar gravity effect 
was obtained. Cannon and Stobie (1973a, 1973b) have also found this 
gravity effect in w Centauri and NGC 6752. 
Figures 13a, b, c indicate a gradual decrease of the ultraviolet 
excess of the AGB stars with increase of color, (B-V), and this is 
certainly a real characteristic of 47 Tue. This tendency was also shown 
by Cannon (1974) using fewer photoelectric stars than in this paper, 
1 2 
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• 
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0·1 0·2 
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0 
0 
0 
0·3 
FIG . 14. - The relation between V-magnitude and ultraviolet excess, 
O(U-B) for stars with 0 . 9 < B-V < 1.10. The solid line represents the 
expected effect of differing surface gravity between the giant (open 
circle) and asymptotic (filled circle) branch stars . 
and he suggested a correlation of the slope of the two-color relation 
for RGB stars with me tallicity. In figure 15 the two-color diagrams 
of the metal rich clusters, M71 (Arp and Hartwick 1971), NGC 6352 
(Hartwick and Hesser, 1972), NGC 6171 (Dickens and Rolland 1972) and 
NGC 6712 (Sandage and Smith , 1966) are compared with that of 47 Tue. 
The mean line of NGC 6171 is nearly parallel to the standard 
relation, and that of NGC 6352 (wi th the highest metal abundance among 
these clusters) diverges from the standard relation at the red end. 
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In view of the small numbers of stars observed in the other three clusters, 
the general difficulty of U-magnitude calibration for very red stars, 
and the probability that stars with B-V > 1.16 will be variable, no 
firm conclusions concerning the relationship of the two-color locus 
and metallicity are possible at present. 
TABLE 8 
ANGULAR DISTRIBUTION OF STARS (V < 14.2) 
Sl S2 S3 S4 S5 S6 S7 S8 Total 
NG 31 34 20 28 24 31 18 2 208 
N 6 8 2 4 7 6 5 7 45 A 
N so 55 40 49 43 42 43 43 365 H 
N 87 97 62 81 74 79 66 72 618 
NG/N 0.36 0.35 0. 32 0.35 0.32 0.39 0.27 0.31 0.34 
N /N A 0.07 0.08 0.03 0.05 0.09 0.08 0.08 0.10 0.07 
N8 /N 0.57 0.57 0.65 0.60 o. 58 0.53 0.65 0.60 0.59 
N /N H G 1.61 1.62 2 .00 1. 75 1. 79 1. 35 2.39 1.95 1. 75 
NA/NG 0.19 0. 24 0.10 0.14 0.29 0.19 0.28 0.32 0.22 
NA/NH 0.12 O.J5 0.05 0.08 0.16 0.14 0.12 0.16 0.12 
Sl ... S8 are segment numbers. NG, N and N are the RGB, A H 
AGB and HB stars, respectively, and N = N + N + NH. G A 
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FIG. 15. - A composite schematic two-color diagram for 47 Tue, 
' 
' 
M 71, NGC 6171 and NGC 6352. The solid line represents an unreddened 
Population relation. 
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6. SPATIAL DISTRIBUTION OF STARS 
Table 8 indicates a non spherical distribution of stars in 
47 Tue with S3 , 4 and S7, 8, having s mall e r counts than Sl, 2 and S5, 6 
De Vaucouleurs (Gascoigne and Burr 1965) also found that star counts 
indicated an ell'ptical distribution with major axis position angle 
37°. Examination of the NH/N and NH/NG ratios in table 7 indicates 
that they are anti-correlated with total star counts. This suggests 
that the distribution of HB stars is rather less elliptical than that 
of RGB stars; although the count numbers are rather too small for a 
statistically significant result. This is in contrast to the result 
of King (1962) for Ml3, in which he found the distribution of HB stars 
slightly more elliptical than the red giant and subgiant stars. The 
difference may be due to the exclusion of subgiants from the present 
counts . 
TABLE 9 
RADIAL DISTRIBUTION OF STARS (V < 14.2) 
R2 R3 R4 RS R6 R7 Total 
NG 8 12 21 28 50 89 208 
NA 2 2 3 9 13 16 45 
NH 15 21 34 47 91 157 365 
N 25 35 58 84 154 262 618 
NG/N 0.32 0.34 0.36 0.33 0.32 0. 34 0.34 
NA/N .08 .08 .05 .11 .08 .06 .07 
NH/N .60 .60 . 59 .56 .59 .60 . 59 
NH/NG 1. 88 1. 75 1.62 1.68 1.82 1. 76 1. 75 
NA/NG . 25 .17 .14 .32 .26 .18 . 22 
NA/NH .13 .10 .09 .19 .14 .10 .12 
R2 ..• R7 are ring numbers. The notations are 
the same as those in table 8. 
Table 9 indicates that there is no systematic radial variation 
of the branch ratios for the region cove r ed by our rings (r > 6'). 
This result can be extended inwards tor> 2', since Chun (1975) 
70 
r eports similar ratios to those of table 8 for star counts in to 1.5 
from cluster center. A similar lack of radial variation is found in 
NGC 6397 (Woolley et al., 1961), but in M3, for instance, Woolf (1964) 
f ound a greater concentration of red HB stars in the outer parts. 
Di ckens and Rolland (1972) discussed the radial distribution of stars 
i n s even globular clusters, considering the evolutionary life time, -10 8 
year s of HB s tars , the clus t e r r e laxation t i me, a nd the mas s diffe r ence 
be tween HB and RGB stars. Since the evolutionary and relaxation times 
are similar for NGC 6397, the uniform distribution of branch number 
r atios must be explained in terms of a mass similarity between HB 
and RGB stars. This explanation could not be applied to 47 Tue be cause 
t he relaxation time in the investigated r egion (6' < r < 27') must be 
longer than -10 8 years at the core part of the cluster (Peterson & King 1975). 
7. THE LUMINOSITY FUNCTION 
Figure 16 gives the luminosity functions for the RGB, the AGB 
and the HB at O~l intervals, together with theoretical histograms for 
the RGB (Rood 1972) and for the AGB and HB (Gingold 1974, 1975). 
Table s 8 and 9 give star counts for the branches distributed by 
segments and rings (figs. land 2). Only stars brighter than V = 14.2 
are included since this is the limit of completeness for all rings 
<2-7) and of zero crowding and background corrections in rings 6-7. 
The divisi~n between HB and AGB is set at V = 13.2 for the purpose 
of the counts. 
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FIG. 16 . - The luminosity functions: (a) for RGB stars, (b) for AGB 
stars and (c) for !IB stars , in intervals of O~l , using the data in 
table 5 . The solid histograms are observed luminosity functions , and 
the dashed histograms theoretical luminosity functions constructed 
from Rood ' s model calculation for the RGB and from Gingold ' s model 
calculation (wi th s emiconvection) for the AGB and HB . The faint 
magnitude limit of the AGB was taken as V = 13.2. 
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7.1 Red Giant Branch 
The C-M diagram of all stars in figure 11 shows three deficient 
gaps and a bump along the RGB. The first gap appears -lm above the 
HB (V = 13), and the second and third at the l evel of the HB (V = 14.06) 
and below the HB (V = 14.7), respectively. Just above the third gap 
there appears a clump of stars. The first gap, corresponding to that 
in MlS (Sandage et al., 1968), is evident in figure 11 but is masked 
in the observed luminosity function (fig. 16a). 
Comparison of all the published C-M diagrams of globular clusters 
indicates that the observed gaps and bump may be real; their location 
and size are slightly different from cluster to cluster. For instance 
Ml3 (Kadla 1966), NGC 6752 (Cannon and Lee 1973), M4 (Lee, in 
preparation), NGC 5897 (Sandage and Katem 1968), NGC 7006 (Sandage and 
Wildey 1967) and NGC 6171 (Dickens and Rolland 1972) have the second 
gap exactly at the level of the HB . There is a correlation between the 
appearance of this gap and metallicity; in the very metal rich clusters, 
NGC 6171, NGC 6838 (Arp and Hartwick 1971), NGC 6352 (Hartwick and Hesser 
1972) and 47 Tue (present paper), this second gap appears at the HB 
level or slightly below the HB; in the very metal poor clusters, M92 
(Sandage and Walker 1966), MS (Arp, 1962), M53 (CUffey 1965) and MlS 
(Sandage et aZ., 1968), this gap appears slightly above the HB level. 
The theoretical luminosity function (fig. 16a) using Rood's 
model (with input parameters, M -3 = 0.8 M , X = 0.7, Z = 10 ) clearly 
0 
shows that the observed bump at V = 14 . 6 is real , but there is nothing 
corresponding with the observed gaps. Iben (1968) gave a theoretical 
m 
explanation for a bump on the RGB -1 above the HB, caused by the star 
crossing a narrow segment of the RGB three times when the hydrogen shell 
meets the abundance discontinuity left at the innermost extent of the 
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convective envelope. He also showed that the position and the structure 
of this bump depend on Y and Z, and on stellar mass. 
7.2 Horizontal and Asymptotic Branches 
In figure 11 the color range of the HB is seen to be ~(B-V) = 
0.16 ± 0.01 and its red end, B-V = 0.92, is clearly defined. Beyond 
the blue limit, B-V = 0.76 there are only a few stars belonging to 
the HB. The magnitude width cannot be defined as clearly as the color 
width. However, about 82% of the total HB stars are within V = 14.06 ± 
0.15. This concentration is also seen in the theoretical luminosity 
function (fig. 16c) using Gingold's (1975) model with semiconvection 
(with input parameters, M = 0.68 M, M = 0.466 M, X = 0.7, 
0 core 0 
Z = 10-3). The stars above this limit form a continuous sequence with 
the AGB, the lower limit of which is thus not clearly distinguishable 
from the upper limit of the HB (fig. 11). 
According to the theory of HB stars (Iben and Rood 1970; 
Demarque and Sweigart 1972; Castellani et al., 1971), the small color 
and magnitude widths of the HB indicate high Zand small (if any) mass 
dispersion along the HB. Furthermore, the extremely red HB also 
suggests high z. Rood (1973) took into account all the possible 
parameters; i.e. X, Z, age, mass loss, and mass dispersion along 
the HB, and synthesized the C-M diagrams of HB stars. Figure 3a 
among his synthesized C-M diagrams is very similar to that of 47 Tue 
shown in the present paper. His input parameters are X = 0.80, 
Z = 10-3 , 9 age= 11.5 x 10 y, mass of RGB stars= 0.922 M, mean mass 0 
of HB stais 0.7 M and mass dispersion 0.025 M. 
0 0 
Figure 11 shows a clearly separated AGB extending to near 
the tip of the RGB. Along the AGB there are two bumps near V = 13.2 
and V = 12.5, the latter bump being nearly in contact with the RGB. 
A few bluer stars apart from the AGB appear to be AGB stars on the 
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basis of the two-color diagram. The theoretical luminosity function 
(fig. 16b) using Gingold's (1974) model evolved from the HB shows 
reasonable agreement with the observed luminosity function except 
for a peak at V = 12.5 and a gap at V = 12.9. 
7.3 The Ratios of Branch Star Numbers 
We now use the ratio R of the number of the HB stars (up 
to the end of core helium burning) to the RGB stars which are brighter 
than the HB level to estimate helium abundance. Iben (1968) and 
Iben et al., (1969) pointed out the need to include RGB stars down to 
0~15 below the HB level because of the bolometric correction for the 
RGB stars at this level. Demarque et al ., (1972) indicated some 
uncertainty in the separation of the AGB stars from the RGB stars. 
In the present work the AGB is clearly separated from the RGB except 
near the tip of the RGB. The inclusion of the AGB stars in this 
region in the count of the RGB stars will not appreciably affect the 
ratio. 
For the count of HB stars V = 13.2 was taken as the upper limit 
of the HB on the basis of the C-M diagram in figure 11 and of 
Gingold's (1974) model in which the starting position for AGB evolution 
is - lm brighter than the HB level. The RGB stars were counted down to 
m 
V = 14.2 allowing for the bolometric correction, -0.15 at the HB level. 
From table 9 the ratio, NH/NG is R = 1.75, which yields, from figure 1 
given by Demarque et al ., (1972), Y = 0.29 in the case with semiconvection 
and Y = 0.39 in the case without semiconvection and neutrino losses. 
The letter value is 40% larger than the mean value, Y = 0.28 estimated 
for nine globular clusters by Iben et al . , (1969) without considering 
semiconvection . Recently Hartwick and Hesser (1974) compared the 
steepness of the observed and calculated luminosity functions just 
beyond MS turn-off to estimate the helium abundance as Y = 0.23 ± 0.10, 
a value consistent with our result with semiconvection included. 
TABLE 10 
COMPARISON OF OBSERVED AND PREDICTED 
RATIOS OF BRANCH STAR NUMBERS 
Ratio Observed Predicted 
N /N A G 0.22 0.25 
(NH + NA)/NG 1.97 2.08 
NA/NH 0.12 0.14 
In table 10 observed and theoretically predicted ratios of 
branch star numbers are sununarized. They are in satisfactory 
agreement. Rood's (1972) model was used for the predicted lifetimes 
of the RGB stars and Gingold's models with semiconvection for the AGB 
(Gingold 1974) and HB (Gingold 1975) stars. This agreement, together 
with that of the observed and computed luminosity functions, and of 
the severally estimated helium abundances, indicates that the 
observations of 47 Tue are satisfactorily explained by current 
evolutionary calculations with semiconvection included. 
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CHAPTER 4 
UBV PHOTOMETRY OF BRIGHT ~TARS IN NGC 3201 
See-Woo Lee 
SUMMARY 
Accurate UBV magnitudes have been determined for all stars brighte r 
than V = 15.8 within 5.8 arc min of the center of the globular cluster NGC 
3201 . 78 stars were measured photoelectrically and 649 photographically. 
The color-magnitude diagram is well defined, and closely resembles that of 
M3 t o which NGC 3201 is similar in almost every detail except concentration 
class (NGC 3201 is class X). Along the giant branch appear two gaps. One 
. m is - 2 above and the other is near the horizontal branch level. The two-
color diagram for field stars yields a reddening E = 0.21 + 0.02, and B-V 
adopting~= +0.6 for the horizontal branch the true distance modulus 
(m - M) = 13.57, (r = 5.2 kpc from the Sun). Other parameters for metal 
0 
abundance are 6v = 2.8, o(U-B) = 0.19 + 0.02, (B-V) = 0.79, from which we 
o,g 
infer [Fe/H] = -1.2 + 0.1. All 54 Sawyer-Hogg RR Lyrae stars in the region Hyades 
are confi rmed , and four new ones are not listed in Sawyer-Hogg's catalogue. 
A numbe r of anomalous stars are noted, one of which is unusually strong in UV 
and is found at the cluste r center. The RR Lyraes and horizontal branch s t ars 
show significantly less central concentration than the giant stars . The 
surface star density and surface luminos ity (in V) distributions of membe r 
stars are ge nerally in accordance with that given by King et al. (1968). As 
With 47 Tue the R-method s ugges ts a n initial helium abundance of Y - 0.25 if 
semiconvection is included, or Y - 0.35 if it is not. 
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1. INTRODUCTION 
NGC 3201 Caso= 10h 15~5, 650 =-46°9', t = 277?2, b = 8?6),moving 
in a retrograde orbit around the center of the Galaxy (White 1975) with the 
observed radial velocity of +493 km/sec (Arp 1965), is a nearby very open 
globular cluster (concentration class X) well situated for observing. The 
only previous photometric work is that of Menzies (1967). He measured 
photoelectrically 25 stars near the cluster and -300 photographically. 
Since his color-magnitude (C-M) diagram showed a large dispersion of red giant 
branch (RGB) stars and since the cluster is as moderately metal deficient as 
M3 , it has been chosen as one of a general globular cluster observing program. 
Because of the open nature of the cluster it was possible to measure 
stars up to its center photographically. 649 stars were measured on 26 
plates which were calibrated with 78 photoelectrically measured stars. 
m The magnitude limit was about V = 16.3, -2.8 below the horizontal branch 
(HB) , and mean errors are estimated as +0~03 in V and Band +cf.104 in U, 
r espec tively. 
We consider the observations in the first part of the paper, then 
discuss in turn the C-M diagram (§3) , the two-color diagram (§4), the spatial 
distribution of branch stars (§5), the luminosity function (§6) and the 
helium abundance (§7). 
2. OBSERVATIONS 
2.1 Photoelectric photometry 
The photometry was based on a photoelectric sequence of 23 stars 
(see fig. 1) which had been set up by Menzies (1967). These were reobserved 
relative to stars in the E4 and ES standard regions (Cousin and Stoy 1962) , and 
55 additional stars (see fig . 2a) were also observed . The obse rvations were 
made during th~ period of 1973 and 1974, on the 100-cm telescope with a 
two-channel Johnson photometer (Cannon and Stobie 1973a) and on the 60-crn 
FIG. 1. - Finding chart for the photoelectric measure-
ments of the secondary standard stars. 
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FIG. 2a. - Finding chart for the photographic measurements of 
stars in the outer region of NGC 3201. The cluster is divided 
into five rings (width of rings 1 and 2 is 1.28 and of rings 3-5 
0.64) and into four quadrants. The under : ined number is for pe 
stars and "V" denotes a variable star. The first digit of star 
numbers given in Tables 1 and 2 represents the quadrant number 
and the second digit the ring number and the last two digits 
the nwnber shown in this figure. 
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FIG. 2b. - Finding chart for the photographic measurements 
of stars in the inner region of NGC 3201. The inner region 
is divided into one ring (width= 0.64) and a central region 
(called ring 7 in the text) with radius, 0.64 and into four 
quadrants. Others are the same as in Figure 2a. 
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with a single channel photometer. The two-channel photometer was used in 
the pulse-counting mode, and the procedures foll owed those of Cannon and 
Stobie. To minimise crowding and background effects, stars in inner regions 
were measured only when the seeing was good enough to allow the use of an 
8 arc sec aperture. 
The mean standard deviations of single measurements with t he 60-cm 
observations are similar to those given for 47 Tue (Lee 1976) and those 
with the 100- cm observations are given below. 
Magnitude 
s.d. i.n V s. d. in B-V s.d. i.n U-B 
range 
V < 14 0~01 0~01 0~03 
V > 14 0~02 0~02 m 0.04 
The present measures given in table 1 are plotted against those of 
Menzies' in figure 3. Minor systematic differences are apparent in V and 
B-V and the scatter is rather larger than desirable, but taking into account 
the crowded background the agreement can be considered satisfactory. 
2.2 Photographic photometry 
Two series of plates were taken, 20 at the f/8 Ritchey-Chretien 
focus of the 100-cm reflector (scale 26"/mrn), and six at the f/18 focus 
(scale 11"/mrn) with the same combinations of plate and filter as for 47 Tue 
(Lee 1976). They were measured with the Sartorius iris photometer at Mount 
Stromlo Observatory. To enable individual stars to be identified the 
cluster was divided into four quadrants, and seven rings. The latter were 
def ined by circles of radii 5.76, 4.48, 3.20, 2.56, 1.92, 1.28 and 0.64 
minutes of arc in order of ring number, Rl, ... R7. Stars are identified 
by four digit numbers, the first signified the quad rant and the second the 
ring and the rest the number shown in finding charts (fig. 2 a,b). 
All 649 program stars were measured on seven short exposure 
(S min) f/8 plates and four U-plates, and those in rings 1-4 on nine long 
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PHOTO£LECTRIC STARS IN NCC 3201 
Secondary Standards 
Pho tee teo tric Photographi c Pho t oe/.ectric Photographic 
Star V B•V U-8 n V B·V U-8 Reurk* Star V B·V U·B n V 8-V U- 8 Re m.ark• 
I0 . 9S I. )7 I. S2 10 . 9S I. )7 1.60 M l.F 16 IS . 23 . es . H IS . 24 . 87 . 2 1 Hl6,F 
II. OS .42 - .03 11.03 .38 -.03 H 2,F 17 IS . 81 . 6S .08 IS . 82 . 63 .08 Hl7 ,f 
ll . 63 I. 4S I. Sl 11.63 I. 46 I. so M 3 , F 19 9 . 39 . 18 .09 6 9 . 39 .18 .10 1'1 19 .r 
4 11 . 88 . 64 . 17 II. 90 . 62 .18 M 4,F 20 10 . 81 I. 26 1. 27 11 10. 81 I. 27 I. 26 1'120 , f 
s 12 . 22 : . SI . 09 12 . ll . 47 . 07 M s,r 2l 11. ll .37 .oo 13 11. IS . J S • .Ol H21. F 
6 12 . 27 • Sl .OS 12 . 26 . so .07 H 6,F 22 11.98 I. 62 I. 9S 12 12. 00 l.6S I. 97 M22,t" 
12. 30 1.16 . 91 I 12. 32 1.16 • 91 H 7 , F 23 11. 9S 1.22 1.16 8 12 . 0 2 I. 21 1. 0 4 M2l ,f 
8 ll . 26 I. 39 I. 39 2 13. 26 I. 38 I. 43 H 8 ,F 24 12 . 80 • S6 . 04 8 12 . 82 . S7 .04 lt2 4, f 
9 l l. 41 I. IS 1. 0 2 13. 34 l. lS I. 01 H 9, F 2S 12 . 87 .7 S . 22 s 12.89 . 77 .18 r 
10 14 . 11 .46 .28 14 . 14 . 44 . 28 HlO,H 26 14.10 1. 0 2 . 42 ) 14 . 14 1.01 . 4S >t2S , H 
11 14. 42 I. 27 l. ll 14 . 39 l. 30 1.16 Kll ,F 100 8.27 . 03 .oo 13 F 
12 14. 7S .90 . ss 14. 73 .90 .S4 Ml2,F 2109 IS . 14 .9] . lS ) IS . 18 . 94 . ll Hl4,H 
Program Stars 
1104 13 . 76 .92 . 42 2 13 . 78 .89 .41 F 1312 11. 77 l. 74 I. 73 6 11. 76 I. 74 I. 7] H 
1117 11. 9] 1.60 l.62 10 11.96 I. 61 l.66 M 1314 II. 77 l. Sl I. 4S s 11 . 78 I. S4 1.41 H 
1118 13. 74 . 61 . 11 I 13.87 . ss .IS F lllS 13 . 32 1.11 . 62 4 13 . JI 1.11 . 60 H 
1120 13 . 48 1.14 .6S 4 13.49 1.14 . 6S M 1323 ll.8) . 72 .2 2 13 . 83 . 70 . 21 r 
1121 12 . 70 1.66 I. 87 12. 71 l.66 1.88 r 2310 14. S6 .)0 • 24 14. S4 . 30 . 30 H 
2110 I 3 . 31 1. ll I. 28 13.JI l. 30 1.27 p 2321 14 . 14 1.11 . ss s 14 . 10 1.11 . S2 H 
2114 ll.81 I. 20 . 70 I 3 . 8 3 1.17 • 71 M 3304 14 . 10 1.07 .4S 14 . 11 1. 07 . 44 H 
3101 13 . 66 1.16 . 6S 4 13 . 69 1.16 . 64 H 3306 IS . 10 . 10: . OS IS .07 . 16 . 14 ll 
3102 14 . JI 1.00 . 49 14 . 31 I. 02 .SI M 331) 14 . 77 . 47 .32 14 . 79 . 44 . )4 H 
310S 14 . 97 . 64 . 16 4 14.63 . 49 • 22 V20 4301 14.40 . 9S . 29 14 . 41 . 93 .27 M 
3107 ll . 38 1.14 . 61 ) ll . 38 1.13 .6) M 4307 14 . )) l.11 . 60 2 14 . 28 1.10 • SJ M 
1112 IS . 72 . 92 . 21 IS.68 . 92 .24 M 4318 12. S4 I. 4S I. 2l 4 12. S4 I. 41 I. 2) H 
3119 13 . 91 .88 . lJ ) 13 . 90 . 88 . )) F 4319 12.Sl I. S2 I. )8 12 . Sl I. S l I. 38 H 
•222 ll. )7 I. OS . S7 4 13 . 38 1. 0 4 • S7 M 1410 12 . 87 I.)) 1. 08 12 . BS I. )) 1. 0 ) H 
2201 13.82 1.11 . SB ) ll.84 1. 09 . S9 M 1411 ll. S4 1.18 . 77 13 . S4 1. 19 . 74 H 
2207 14 . JO 1.07 . ss 4 14. 28 1.10 . 46 M 3401 12. 71 l. )7 I. IS 4 12.69 1.16 1.11 H 
22 11 14 . 70 . 2S . 23 4 14 . 74 .28 . 2) M 240S 13.67 1.16 • 74 ) 13.62 1.16 . 70 M 
2212 lS. 72 . 20 -.06 2 IS . 71 . 19 -.06 M 440) 13 . 82 1.13 . 64 ) 13. 82 1.16 . 67 M 
2214 13. 84 I. 0 ) 13 . 88 1.04 . 47 M ISOI 12 . BS I. 27 . 94 12 . 86 I. 30 . 9S M 
3204 12 . 29 I. 44 I. 24 6 12. 31 I. 4S I. 2S M 2S26 12 . 41 I. 42 12. 41 I. 43 I. 2) M 
320S 14.9S .19 . 18 14.97 . 20 .17 M )504 ll.26 I. 22 • 82 13 . 2S I. 21 . 79 H 
3209 16 . 0J . 76 . 30 16 . 0) . 76 . 21 F 3S22 12 . 73 I. 34 .9S 12. 72 I.)) . 92 M 
3217 13 . JS I. 71 I. S6 4 13. 38 l. 71 I. 7S f? 3S2S 13.9) 1.10 . 60 13 . 91 l. 10 .61 M 
3218 12 . 37 I. S7 I. 47 s 12.)8 I. ss I. 44 M 4S07 12 . 72 l. 42 1.17 l 12 . 73 I. 42 1.18 M 
3227 1S .2 S • 21 .21 2 15.18 . 2) . 22 M 4S21 13 . 4S 1.19 . 8 1 2 13.46 l. 22 . 8 2 H 
421S 13 . S6 l.26 .es 7 13 . S8 l. 24 . 83 M7 4S23 14.07 1.13 . 6 4 2 14 . 07 1.13 .62 ll 
1)09 13 . 26 1.03 • Sl ) ll . 2S l.04 .67 M 4S24 11.97 I. S7 I. 49 11.96 I. 59 l. 48 H 
. 
M • Menzies (1967) atandard9 
F • Field sta.r, M • Melrlber star 
V • Variable whose follo.. i ng nwr.ber 1 s Sawyer-Hoqg' s 
(1972) C•talogue nwnber 
n • Number of nights 
Ft e . <::. /p . {;~) 
~IC.~. - The differences (Lee-Menzies) between the present and Menzies' photoelectric 
measurements are plotted against the present values, VL and (B-V)L. The filled circles 
and triangles are used alternately to avoid the confusion between figures. 
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exposure (10-20 min) f/18plates. Six f/8 plates were measured for the 
stars in rings 3-7. Using the same reduction technique as with 47 Tue 
(Lee 1976) all the f/8 plates were calibrated with all the photoele ctric (pe) 
stars, and the f/18 plates with pe stars in rings 3-5 and 26 photographic (pg) 
stars (chosen in ring 3 on the basis of the measures on short exposure f/8 
plates). All the pg results are given in table 2, and are the mean of the 
measures on the short exposure f/8 and f/18 plates for the stars in rings 3-7, 
and on the short and long f/8 plates for the stars in rings 1-2. The pg 
measures of faint stars (V > 15.8) are from the f/8 plates. 
The difference between pe and pg measures are plotted in figure 4 
against pe measures, and it shows no apparent systematic magnitude and color 
effects on the transformation of magnitudes. In order to check any crowding 
and background effects which may have occurred during photoelectric measure-
ments, we plot in figure 5, the differences between the measures on the f/18 
plates and the mean (pg 8 + 1 a) of the measures on the short exposure f/8 and 
f/18 plates for the stars in rings 3-5 which were used for the photographic 
calibrations of the f/18 plates. The systematic pg errors in rings 6 and 7, 
where there are nope stars, can be estimated from the comparison of the C-M 
diagrams for rings 3-4 and 5-7 (see fig. 6), which show no apparent system-
atic difference. The several contributing errors (Leel976) in the photo-
graphic photometry were evaluated using the actual calibration data and 
are given below 
Magnitude 
Mean Error 
V 
B 
u 
£ 
t 
0.027 
0.030 
0.041 
£ 
e 
0.019 
0.025 
0.036 
£ p 
0.017 
0.014 
0.015 
£ 
m 
0.01 
0.01 
0.01 
£ p+m 
0.020 
0.017 
0.018 
Et' E , £ and£ are the total, intrinsic photoelectric, plate and measure-
e p m 
ing errors, respectively, and£ is the quadratic sum of E and E , and 
p+m m P 
e2 == 
t £2 + £2 + £2 . e p m 
1101 
1102 
110) 
IIOS 
1106 
1107 
1108 
1109 
1110 
1111 
1112 
111) 
1114 
lllS 
111 6 
1119 
2101 
1201 
1202 
120) 
120 4 
120S 
1206 
1207 
1208 
1209 
1210 
1211 
1212 
121) 
1214 
121S 
1216 
1217 
1218 
1219 
1220 
1221 
122) 
1224 
122S 
llOI 
ll02 
llOl 
ll0 4 
llOS 
1)06 
I 107 
1108 
111 0 
Ill I 
l)I) 
1)16 
1117 
Ill& 
lll9 
1120 
1321 
ll22 
1401 
1402 
140) 
1404 
140S 
1406 
140 7 
1408 
1409 
1412 
141) 
1414 
14 1 S 
1416 
1417 
1418 
1419 
14 20 
1421 
i.a n 
142 l 
2401 
V a-v u-a Hot• 
14 . 8) 0. 24 
1S . 4S . 94 
O. ll 
. 19 
14 . ss . 61 
1) . 61 • 70 
14 . 47 . 68 
IS . 6S • 71 
IS . 91 . 86 
14 . 69 • )4 
IS . 37 1.11 
14 . 6S . 37 
IS . 91 . 86 
. 12 V 
. 17 
.09 VlS 
• IS 
• 20 
• )I 
. 72 
. 29 Vl6 
.16 
IS. 40 • .O l 
14 . 40 l. OJ 
IS . 16 • 89 
1) . 89 l.68 
-.es 
14 . S9 . 7l 
14 . S7 . 62 
14 . 9) 
14 . 71 
16 . 10 
14 .6) 
14 . 90 
IS.62 
12 . 18 
11.98 
14.92 
14 . 21 
16 .08 
14 . 86 
14 . S6 
16.00 
14 . 82 
IS . 19 
IS. 0 4 
14 . 96 
16 . )4 
IS . 89 
14 . 80 
14 . 8) 
IS . 94 
IS . 79 
16 . 42 
IS . 28 
14 . 80 
ll . 90 
14 .8 4 
IS . 72 
16 . 20 
I S . SI 
14 . 87 
IS . 97 
14 . 82 
16 . 2S 
14 . 70 
IS . l4 
IS . 90 
IS . 66 
IS . 62 
14 . 79 
16 . 12 
l\ . 17 
IS . 19 
IS . SO 
14 . 76 
14 . 99 
ts . es 
14 . 89 
ts . so 
14 . 7 1 
IS . JO 
IS . 64 
14 . es 
14 . 02 
IS . 64 
16 , 20 
16 . )7 
16 . 10 1 
IS . 74 
14 . 76 
I S. O~ 
16 . 10 
• 26 
• SI 
. 86 
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IS . 79 
14 . 84 
lS . 01 
IS . S2 
IS. SI 
lS . 44 
IS . 71 
IS . 24 
U .08 1 
11 .18, 
IS . Sl 
14 . 72 
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2426 
2427 
2428 
3402 
340) 
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IS . 90 
lS . Ol 
16 . 00 
14 . S9 
14 . 32 
IS. 23 
14 . 79 
IS. 2S 
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IS .02 
14 . 72 
IS . 92 
IS . S9 
is .es 
lS . 06 
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)514 15 . 57 
3515 15 . 08 
)516 14. 5) 
)517 12 . 99 
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. 96 . 42 
1.06 . .. 
l. 0) . 51 
1.21 .73 
I.OS . 53 
.91 . 29 
. 89 . ll 
1.41 1.1) 
. 24 .05 
• JO . 35 
. 72 . 14 Y80 
.18 - . ll 
• )8 • )8 
.94 
1.1) 
. 25 
. 90 : 
. 91 
.41 
.92 
• 78 , 
l. 05 
1.00 
1.16 
.84 
.92 1 
.26 
• 51 
.19 
. 19 , 
. 29 
. 27 
. 17 
. ll , 
. 50 
. J7 
. 59 
. ll 1 
. ll t 
f!G 
Star y 8-V U-1 Not 
JSll 15 . 92 . 88 . 17 
)52) 15 . 82 . 94 . 19 
)524 14.69 .68 . 20 
)526 14 . 75 . 71 .12 
4501 14 . 82 . 69 . 24 
•502 ll . 79 .19 -. 22 
450) 15.40 . 95 . ll 
4504 16.08 , . 54 , . ll , 
4505 15.56 .18 . ll 
4506 14 . 66 . 74 . 2) Y28 
,sos 15 . 91 . 92 . lJ 
4509 15 . )2 . 97 . 24 
4510 ll .68 1. 15 . 64 
4511 15 . 2) . 97 .)8 
4512 15 . 90 . 79 • 22 
, s 11 1s . s1 . 9J . 26 
4514 15 . 65 . 89 .24 
4 515 15 . 42 . 94 . )5 
4516 15 . 95 . 89 . 22 
•517 14 . 10 1.01 • 59 
4518 14.,1 1.oi . J9 
4519 15 . )6 , 1.12 , . 56 , 
4522 - 14 . 77 • 79 . 25 
4525 n.24 . 9s . ll 
4526 16.21 , . 89 , . ll 
)622 
)62) 
)624 
4601 
4602 
460) 
4604 
4605 
4606 
4607 
4608 
•609 
4610 
4611 
4612 
461) 
4614 
4615 
4616 
4617 
4618 
4619 
4620 
4621 
4622 
4704 
4705 
4706 
4707 
4708 
4709 
4710 
4711 
4712 
471) 
4714 
4715 
4716 
4717 
1) . 80 
14 . 62 
15 . 27 
1). 92 
1) . 74 
12 . 9) 
14 . 71 
14 . 74 
12 . 20 
ls. 41 
14 . 49 
15 . 51 
14 . 12 
15 . ll 
14 . 68 
16. 28 
14. 75 
14 . 90 
14 . 7) 
14 . 70 
14. 77 
14 .65 
12 . 67 
16 . 26 , 
14. 77 
15 . 75 
15 . 50 
15 . 15 
15 . 50 
16 .07, 
15. 76 
14 . 51 
14. 85 
15 . 60 
15 . 89 
ll. 46 
15 . 82 
15. 25 
15 . 17 
1.1) 
1.02 
. 94 
I.OJ 
1.02 
1.18 
1.00 
l.01 
1. 55 
.94 
1.04 
. 86 
. 82 
. 9) 
. 79 
• 42 
• 74 
• )4 
. 69 
• 57 
• )7 
.66 
1. )4 
• )8 , 
. 67 
. 84 , 
. 9) , 
. 95 
1.08 
. 76 , 
.90 
• 37 
. 64 
. 94 
• 78 
1.18 
. 91 
.92 
. 95 
• 58 
• )4 
. 29 
. SJ 
. 42 
. 70 
. 40 
. 40 
1. )9 
. 28 
. 51 
. 07 : 
. 15 
. Jl 
. 21 
. 21 
• 22 
. )4 
. 25 
. 05 vs 
.27 
. 19 
. 91 
• 23 1 
. 24 
.18 1 
• 28 1 
.27 
. 58 , 
. 17 , 
. 18 , 
. 4) VlB 
-.04 Yl7 
• 22 
- . 90 1 
. 66 
. 25 
. 26 
. )7 
Flt . '3, . {p. 63) 
.i!IG. 4. - The differences (pe - pg) between pe and the mean pg measures (the mean 
of the measures on the short exposure f/8 and f/18 plates for the inner pe stars in 
rings 3-5 - filled triangles, and the mean of the short and long exposure f/8 plates 
for the outer pe stars in rings 1-2 - filled circles) of pe stars are plotted against 
their pe magnitude and color. 
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FIG. 6. - The C-M diagrams of NGC 3201; for pe stars (a), stars in rings 
1-2; (b), stars in rings 3-4; (c), for stars in the central regions and 
(d), for rings 5-7. The open triangles represent RR Lyrae variables. 
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TABLE 3 
ESTIMATES OF REDDENING FOR NGC 3201 
Author E Source B-V 
Lee 
(present) 0.21 ± 0.02 field stars 
Philip 
0.29 ± 0.04 
-11 field stars (1972) 
Harris & van den Bergh 
0.24 integrated colors (1974) 
Racine 
(1973) 0 . 28 ± 0.1 integrated colors 
Burstein & McDonald 
0.25 (1975) ± 0 . 02 cosecant law 
94 
3. THE C-M DIAGRAM 
The C-M diagram of the pe stars i s plotted in figure 6a with their 
pe measures, and in figures 6b,c,d, three C-M diagrams of all stars in the 
measured regions are plotted with the ir pg measures. Figure 6d for the 
stars in the central part clearly shows the details of each branch. The 
C-M diagram in figure 7 is the superposition of all C-M diagrams excluding 
variables, and has the well defined branches, RR Lyrae gap and a clear gap 
between the red end of the RGB and the RGB. The general shape of the C-M 
diagram is very similar to those of M3 (Sandage 1970), M72 (Dickens 1972) 
and NGC 6723 (Menzies 1974) as shown in figure 8, in which all C-M diagrams 
are matched at the HB of M3 and the color (B-V) is the reddening free 
color (table 4). 
3.1 Variables 
' A total of 60 RR Lyrae variables within the measured region (r < 5.8) 
of NGC 3201 were identified from the variations of magnitude and colors 
with 26 plates and from the positions in the C-M diagram. 54 RR Lyrae 
vari ables lie within this region and are contained in Sawyer-Hogg ' s 
catalogue (1972). Menzies also detected 27 RR Lyrae variables between 
rings 2-5 which are all listed in Sawyer-Hogg's catalogue. New RR Lyrae 
variab les found in the present study are 1103, 1405, 2403 and 2710 (table 2). 
3.2 Off-BHB stars 
Star number 4502 (B-V = 0.19, U-B = -0.22) located -lm above the 
HB is clearly a UV star (Zinn et al. 1972) i.e . a supra HB star evolving 
from the blue horizontal branch (BHB). This and another "off BHB" star are 
Proposed as members of NGC 3201. 
FIG. 7. - The C-M diagram of NGC 3201. All measured stars in rings 1-7 
are plotted excluding RR Lyrae variables. 
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FIG. 8. - The comparison of the C-M diagrams of NGC 3201, M3, M72 and NGC 6723. 
The horizontal branches of the clusters were matched to that of M3 using their 
reddening fre e color, (B- V) • 0 
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TABLE 4 
SOME CHARACTERISTICS OF CLUSTERS 
Cluster 
1Concen-
tration 
class 
2Deutsch/ 
Kinman 
3Kron/ 
Mayall 
4 0osterhoff 
type 
5 HB 
type E B-V t:.v o(U-B) [Fe/H]* (B-V) g o, 
NGC 3201 
(Lee, present) X B - I 4 0.21 2.8 0.19 -1. 2 
M3 
(Sandage, 1970) VI AB F7 I 4 0.00 2.74 0.18 
-1. 22-
1.6 
NGC 6981 [AB] (Dickens, 1972) IX G3 I 4 0.07 2.6 0.15 -
NGC 6723 
(Menzies, 1974) VII - G4 I 5 0.00 2.3 0.15 -
1 
= Arp (1965); 2 = Kirunan (1959); 3 = Kron & Mayall (1960); 4 = Castellani et al. (1970); 5 ~ Dickens (1972). 
* 
0.79 
0.81 
0.76 
0.92 
[Fe/H] = log [Fe/H] 1 - log [Fe/H) . In Sandage's (1970) Table 14, [Fe/H) for M3, Ml3, Ml5 of M92 we re refe rred c uster Hyades 
to as the values "relative to the Sun", and [Fe/H) = -2.1 for M92 and -1.4 for M3 were adopted from Wallerstein and He lfer's 
(1966) data. However, the latter authors clearly mentioned in their paper that "in this paper we let [Fe/H] r epresent 
log {Fe/H (star) / Fe /H (Hyades)}". Therefore it seems likely that [Fe/H) = -1.2 - -1.6 for .M3 given by Sandage is the 
value "relative to the Hyades" rather than to the Sun. 
I.D 
...J 
I 
I 
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3.3 Blue stragglers 
In the following sections it will be shown that NGC 3201 has very 
simi lar characteristics to those in M3. This suggests that some blue 
stragglers may exist in NGC 3201 as in M3 (Sandage 1970). However, the 
exis ting data for stars fainter than V = 16 are not reliable although stars 
below the BHB in figure 7 could be candidates for blue stragglers. 
3 .4 An unusual star 
Star 4713 (V = 15.89, B-V = 0.78, U-B = -0.90) located at the cluster 
center shows an unusually large amount of ultraviolet energy. This is 
clearly seen in the U, B,V-plates in figure 9 . In the B- and V-plates, a very 
fain t nearby star is seen but not in the U-plate. Therefore the unusual 
amount of ultraviolet energy flux seems not to be associated with this faint 
companion. The U-plates taken in two year intervals do not show any signific-
ant variations of UV energy flux. 
4 • THE TI'lO-COLOR DIAGRAM 
The pe stars are plotted with their pe measures in figure 10a (open 
circle represents the photoelectric sequence stars given in table 1), and 
all stars photographically measured in the cluster are plotted in figure 10 
with their pg measures. The stars in the cluster which fall off each branch 
in the C-M diagram and which have smaller UV excess in the two color diagram 
relative to the standard relation (the continuous line in figurelG than member 
stars,are assigned as field stars. m The number of field stars (V < 15.8) found 
in the measured region (r < 5.8) is 59 and consistent with the number (62) 
exoected at this galactic latitude and in the given photographic magnitude (Allen 
1973). These together with the field stars in the photoelectric sequence are 
Plotted with their pg measures in figure lOc to derive the reddening for NGC 320L 
In the two-color diagrams the dotted line is the standard relation corrected by 
the reddening law, E /E = 0.72 taking E = 0.21 in figs.lOb,c and 0.14 
U-B B-V B-V 
in fig . lOa . 
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FIG. 9. - Reproductions of V(l03aD + GG14, 20 min)-, B(IIaO + GG13, 20 min)- and U(IIaO + UG2, 40 min)-
plates for the identification of an unusual star, 4713 (marked by arrow) emitting a large amount of ultra-
violet energy. 
• • 
• jll 
• • 
. 
.. . 
.~ 
• 
• 
• 
• t 
• 
I 
• • 
• 
• 
• 
• 
• 
• 
• • .. 
• 
• 
\D 
\D 
FIG. 10. The two color diagrams for NGC 3201. a) For the pe stars 
using the pe data in table l; b) for the stars in rings 1-7 and c) 
for the field stars in rings 1-7 and photoelectric sequence stars 
using their photographic data. The solid line represents an unreddened 
Population I relation and the dashed line the reddening corrected line 
along the slope of reddening line, E(U-B)/E(B-V) = 0.7 using E(B-V) = 0.21 
in Figs. lOb,c and 0.14 in Fig . lOa. The dashed-dotted line in Fig. lOc 
is the mean locus of giant and subgiant stars in NGC 3201. 
F I G . ll . ( r · J Db) 
.,i:IC. Jee. - The spatial distribution of branch stars in NGC 3201. 
The ratios of branch star numbers to red giant star number (NRG) 
are plotted as function of distance, r from the cluster center 
using table 5. r = 1 unit is equivalent to 0.64. NBH and NRH are 
the numbers of stars in the BHB and RHB respectively and NBR = NBH 
+ NRH. NVA is the total number of RR Lyrae variables and 
tars 
dened 
line U-B 
) = 0.21 
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C 
2·0 
TABLE 5 
SPATIAL DISTRIBUTION OF BRANCH STARS (V < 1 ~ 8) IN NGC 3201 
r 0.0-
(min) 0.64 
NRG 
NAG 
NRH 
NBH 
NBR 
NVA 
NHB 
N 
28 
0 
1 
5 
6 
5 
11 
39 
Rs R1t 
0.64- 1.28- 1.92- 2.56- 3.20- 4.48 
1.28 1.92 2.56 3.20 4.48 5.76 
48 
9 
10 
12 
22 
7 
29 
86 
44 
1 
13 
9 
22 
6 
28 
73 
37 
0 
9 
9 
18 
10 
28 
65 
30 
1 
4 
14 
18 
10 
28 
59 
36 
3 
9 
9 
18 
10 
28 
67 
20 
2 
4 
7 
11 
12 
23 
45 
Total 
243 
16 
so 
65 
115 
60 
175 
434 
R7 : ring number; NRG' NAG' NRH, NBH number of stars 
in RGB, AGB, RHB and BHB, respectively. NVA number of RR 
Lyrae variables. NBR = NBH + NRH; NHB = NBR + NVA; 
N = N + N + N . The first row gives the boundaries of HB RG AG 
each ring from the cluster center, and the numbers in the last 
column are the sum of the numbers in each row. 
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The mean shape of giant and subgiant stars in NGC 3201 is para lle l 
t o the standa rd r e lation in figure 10, and thi s p a rallel shape is also 
see n in M3 (Sandage 1969) and NGC 6723 (Menzies 19 74 ) . The a s ymptotic gian t 
m 
branch (AGB ) stars (- l above the HB ) show s l ight UV def i ciency compared 
to gian t stars . Howev er , with s ma ll sampl es of AGB stars i t is difficul t 
to c he ck whethe r t h e UV d e fici e ncy is d ue to the lowe r s urface gravity. 
4 . 1 The redde ning 
The fore ground r e dde ning estimated from the field stars in the 
photoelectric seque nce (in table 1) is EB-V = 0.14: 0.02 from figure lOa, 
a nd all field stars in figure lOc yield EB-V = 0.21: 0.02. These 
different reddening value s and somewhat large scatter of the pe stars in 
figure lOa may indicate a large variety of distances of the pe stars from 
t he sun. Menzies (1967) estimated E8 = 0.08 for NGC 3201 from the pe -v 
measureme nts of these p hotoelectric sequence stars. This value is 
certainly too small. 
From the nearly identical HB structure of NGC 3201 and M3 (Sandage 
1969), we may apply to the BHB of NGC 3201 the reddening free color, 
(B-V) = 0.175 of the red end of the BHB in M3. The reddening for NGC 3201 
0 
obtained is E V = 0.235 + 0.03. This is in good agreement with the above B-
observed reddening from the field stars in the cluster. Other estimates 
of the reddening for NGC 3201 are shown in table 3; they are all greater 
than the value, EB-V = 0;2i + 0.02. From the adopted redde ning value 
E 
B-V = 0.21 and the obse rve d magnitude of the HB, m V = 14.8, the 
distance modulus of NGC 3201 is given by (m-M) = 13.57 (r = 5.2 
0 
the abs olute magnitude of the HB was take n as~= 0.6 as for M3 
(Sandage 1969). 
true 
kpc) where 
4.2 Metallicity 
The mean line (dotted-dashed line) of giant and subgiant stars in 
NGC 3201 in figure 10 gives the UV excess , O(U-B) = 0.19 + 0.02 at the 
reddening free color , (B-V) = 1 . 0 (Arp 1959) and this yields [Fe/H] = 
0 
105 
-1.2 + 0 . 1 relative to the Hyades from figure 2 in Wallerstein and Helfer's 
(1966 ) paper. The magnitude difference between the RGB and the HB level 
(V = 14~8 ) at (B-V) 
0 
= 1. 4 is /J.v m = 2 . 8 , and the reddening free color of 
t he RGB at the HB level is (B-V) = 0 . 79. All these metal indices are 
o,g 
i n good agreement with those (table 4) for M3, suggesting that NGC 3201 
i s an identical globular cluster with M3 seen in the northern hemisphere 
except for the large difference in the concentration class (Notes to table 
4). According to the metal indices given in table 4, NGC 3201 is certainly 
a metal deficient cluster compared to NGC 6981 (Dickens 1972) and NGC 6723 
(Menzies 1974) which have both RHB and BHB stars. 
5. THE SPATIAL DISTRIBUTION OF STARS 
Stars within r = 5.8 from the center of NGC 3201 were measured 
nearly completely down to V < 15.8 and they are tabulated with different 
branches and rings in table 5. A few ratios of branch stars given in 
t able 5 are plotted as functions of the mean distance of each ring from 
the cluster center in figure 11 . In this figure the RHB stars (NRH) show 
l ess central concentration near the core radius , r = 1.1 (Peterson and 
C 
King 1975) relative to the BHB stars (N8H). The RR Lyrae variables (NVA) 
are more concentrated at the outer part as in M3 (Oort and van Herk 1959; 
Woolf 1964) and w Cen (Dickens and Woolley 1967). The sum (NBR) of NRH 
and N BH shows very slow decreasing of concentration in the outer part 
(r > l' ) but in the central part it decreases rapidly . An evident fact in 
figure 10 and table 5 is the lower concentration of the total number of HB 
Fi,. 1 ~ . ( r . 1 os) 
~TB. li. - The surface star density (a) and color (b) distributions in NGC 3201. The line 
marked with KHW is the surface star density distribution obtained by King et aL. who used 5 min 
B-plates for star counts, and the lines marked with RGB, HB and (RGB + HB + AGB) are the present 
results obtained from table 5. For a comparison t he surface luminosity (in V-energy) distribu-
tion, log fL (dashed line in figure a) for all me asured member stars in NGC 3201 is plotted 
V taking an arbitrary zero point. f and fL are respectively the number of stars and the luminosity 
V 
in V per square minute. r is the effective radius (see the text for its definition). The surface 
e 
color distribution (b) is for all measured member stars in NGC 3201. 
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stars (NH8 ) (23 %) including RR Lyrae variables (20 %) in the inne r part 
(r < 1.28) compared with the RGB stars (31 %). The x2 -tes t shows that the 
radial variations of RR Lyrae variables and HB stars relative to the RGB 
stars are significant at the 1.4% and 5% levels, respectivel~ for six 
degrees of fre edom. This is the opposite case of M4 (Lee 1976b) in which 
I 
the RR Lyrae stars (32 %) are more concentrated in the core part (r < 1.5) 
re lative to the RGB stars (22 %). When we assume that the surface density 
of each group of stars in table 5 is the same as the best x2-fit density 
of the total number of stars in each ring, the radial variations of branch 
stars are negligible: for instance the 13%, 38% and 92 % levels of signific-
ance for the RR Lyrae, HB and RGB stars, respectively. Therefore it can 
be said that although the RR Lyrae stars in the core region show the lower 
concentration compared with the RGB stars, their radial variations over 
the whole cluster region are not statistically significant. 
As mentioned by Dickens and Rolland (1972) for M3, the lower 
concentration of RR Lyrae stars relative to the RGB stars in the core 
part of NGC 3201 is not reasonably explained at present because of the 
longer relaxation time, -2xl0 8 years (Peterson and King 1975) than the 
evolutionary time of HB stars, -l.5xl0 8 years (Gingold 1974; 
Sweigart et al . 1974). 
To compare with the surface density distribution of NGC 3201 
obtained by King et al . (1968) from star counting, log f (f = surface 
density in stars pe r square minutes) is plotted in figure 12 as a 
function of log r (r = effective radius of ring) and 
e e 
re= {[r2 (inr.er radius) + r 2 (outer radius)]/2}~ using table 5. (Note: in 
1·0 
Logf 
. O·O 
1·2 
B-V 
1·0 
J:Je. }2. (c~y,t,'rm OYI p.lOG) 
-0·6 -0·4 
F , e. . n . Cr . 111 ) 
-0 ·2 O·O 
Log re 
0 · 2 
FIG, lJ. - The cumulative luminosity f unctions of stars in 
lOU 
a 
b 
0·8 
NGC 3201 . The u pper one is for all member stc1rs in rinqs 1-7 and the 
lower for the inner stars in rings 3-7 . The arr w burs represent the 
magnitude differences b etwe n two di fferent sti:ir number gradients in 
each luminosity function . 
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figure 12 rings 6 and 7 were equally subdivided . ) The line marked as KHW 
in figure 12a is the result given by King et al. (1968) using 5 min expos-
ure B-plates for star counting, and the dashed line is the surface lumin-
osity (in V) distribution, log fL for all the measured cluster stars 
V 
(tables 1-2) taking an arbitrary zero point. The general shapes of these 
lines are in good agreement with the surface density distributions for RGB 
and (RGB + HB + AGB) stars . The slight decrease of the latter distributions 
at the central part of the cluster may be due to the limiting magnitude 
m (V = 15.8) for the present star counting which cannot rule out the effect 
of the less central concentration of HB stars . The decreasing surface 
density in HB stars (including RR Lyrae variables) at the central part is 
clearly seen in figure 12a and results in a redder color in this part as 
shown in figure 12b , where the color, (B-V) of cluster stars in each ring is 
plotted as a function of log r. 
e 
The total colors of all cluster stars in the measured region are 
(B-V) = 0.99 and (U-B) = 0.48 without reddening corrections. The derived 
color (B-V) is consistent with 0.98 (without reddening correction) given by 
Harris and van den Bergh (1974) but the (U-B) color is 0 . 09 redder than 
their value 0 . 38. 
6. THE LUMINOSITY FUNCTION 
The structures of each branch are examined using all stars brighter 
than V = 15.8 which is the limit of complete measurements . All the lumin-
osity functions are plotted at O~l intervals except for one in figure 15 
6.1 Red giant branch 
The stars near the tip of the RGB show the sparse distribution in 
the C-M diagram (fig. 7) . Most of these bright stars were observed photo-
electrically more than twice and their pe measurement errors are normally 
Very small. Also their colors are bluer than (B-V) = 1.60 except for one 
110 
star. Therefore the probability that they are long pe riod r ed variables is 
negligible . All this strengthens the notion that the observed dispe rsion 
of bright s tars in the C-M diagram is too large to be attributed to the 
observational error. This intrinsic dispersion is also shown in the C-M 
diagram obtai ned by Menzies (1967). 
One distinct gap on the RGB appears near V = 13 and the othe r gap 
near V = 15 below the HB level. In figure 13 two cumulative luminosity 
f unctions are plotted for the x2-test (Hawarden 1971) of the latter less 
dist inct gap. The upper one in figure 13 is for all stars (V < 15~8) in 
r ings 1-7 and the lower for stars in the inner rings 3-7. At V = 14~84 
and 15~08 (in the upper cumulative luminosity function), x2 = 5.34 and the 
pr obability of the gap being a chance occurrence is p = 0.021, and at 
V = 14~80 and 15~08 (in the lower cumulative luminosity function) x2 = 10.20 
and P < 0.001. These low levels of significance indicate that the gap 
appearing at v = 15m is statistically real. The existence of the distinct 
m m 2 gap at V = 12.9 - 13.l is clearly supported by the X = 10.81 and P < 0.001. 
The above two gaps are also seen in M3 (Johnson and Sandage 1956) in which 
th . lm e second gap appears just at the HB level. The gap appearing at -
above the HB level in Ml5 (Sandage et al . 1968) is not clearly seen in 
NGC 3201. 
A distinct bump which appears below the HB level in 47 Tue (Lee 
1976) is not seen in NGC 3201. As shown in figure 14a, in which Rood 's 
(1973) models (M = 0.8 M, X = 0.7, z = 10-3 and z = 10-4 ) were used for 
0 
the theore tical luminosity functions (dashed histograms) for giant stars, 
the bump is a characteristic featur e of Rood ' s me tal rich model and was 
used to explain the bump in 47 Tue (Lee 1976 ). Either of these luminosity 
functions in figure 13 show a rough agreement with the observed one with 
a broad bump. 
Fl C ·ll ..J. (r:>. /l '2.) 
-¥-IC, 13. - The luminosity functions for each branch in NGC 
3201. The dashed histograms in Figures a and care the 
theoretical luminosity functions with the given input data. 
Rood's models for RGB stars and Gingold's models for HB stars 
were adopted. In the latter case, two theoretical models 
(M = 0.60 and 0.68 M) were combined for BHB and RHB stars 
0 
including RR Lyrae variables (hatched area). The color, 
(B-V) is the reddening free color. The dashed histogram in 
0 
figure bis only for RHB stars. 
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Figure 15 is the observed luminosity function at 0~2 intervals for 
all cluster stars in NGC 3201 (solid histogram) and in M3 (dashed histogram) 
to which Sandage's (1957) smoothed luminosity function (given in his Table 
9) was applied adopting the normalization factor, 0.22. The data show a 
rough agreement with each other except for greater population of giant stars 
m m 
at V = 15. 5 - 16 and lower concentration of HB stars at the HB level in 
NGC 3201 compared to M3. 
6.2 Horizontal and asymptotic branches 
The BHB (N
8
H) and RHB (NRH) stars in NGC 3201 are nearly evenly 
distributed as in M3 (figure 14b). The blue end of the RHB is defined at 
(B-V) = 0.66 and the red end of the BHB at (B-V) = 0.41 + 0.03. The un-
certainty in the latter color is due to two stars redder than B-V = 0.4. 
If the mean colors of RR Lyrae variables are accurately determined, this 
red end of the BHB will be more sharply defined. The red end of the RHB 
is well defined at (B-V) = 0.83 and the continuous distribution of the 
evolved HB stars toward the AGB is clearly seen in figure 7. The color 
width of RR Lyrae gap, 6(8-V) = 0.25 + 0.03 in NGC 3201 is 0~05 wider than 
in M3 (Sandage 1969). Whether the difference is intrinsic between the two 
clusters will be explained by the accurate color determinations of the red 
end of the BHB in NGC 3201. 
The total number (NVA) of RR Lyrae variables is 60 in the measured 
region (r < 5.8) and the ratio of stars in the HB is then (N8 H : NVA: NRH) = 
65: 60 : 51. In M3 (Woolf 1964) NBH N VA = 128 : 132 : 94 in the 
outer part (r > l') of the cluster. When the lower concentration 
of RR Lyrae variables in M3 is taken into account , the 
inclusion of the central part of M3 in the above ratio will give more con-
sistent values with that in NGC 3201. This is the other strong evidence 
for the nearly identical HB structures of NGC 3201 and M3 as well as the 
similarity of HB shapes in the C-M diagram. 
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.PIG . 15 . - The positions of two off-BHB stars , 1113 and 450 2 (large 
I J '1 
filled circles ) in the theoretical C-M diagram . The theoretical evolu-
tionary truck s :.or stars with mass , M = O. SO J , 0 . 519 and 0 . 527 M are (!) 
adopted f rom Gingo l d ' s models and that (short dashed line ) for stars 
with M = 0 . 51 M f rom the mode l of Swe igar t •l a l . The track (RGB) 
© 
Lor r d qi a nt stars is ~dopted from Rood ' s mod e l . Two r;:irallel lines 
indicat 1:h e instability strip . 
ll5 
The observed luminosity functions for HB stars are given in figur e 
14b , in which the solid histogram is for the sum of BHB and RHB stars and 
t he dashed for RHB stars. For the comparison with theoretical models 
(dashed histogram) the number of HB stars are plotted as functions of 
color at intervals, O~l in figure 14c . Three member stars far away from 
t he BHB were not included here and the hatched area denotes the 60 RR Lyrae 
variables. For the theoretical luminosity function, Gingold's (1976) two 
different models were combined in order to include mass dispersion along 
t he HB, i.e. M = 0 . 68 M 
0 
(for RHB stars) and M = 0.60 M 
0 
(for BHB stars) 
f or Y = 0 . 3, Z = 10-3 and M 
core 
= 0.466 M. 
0 
The observed colors were 
corrected by the amount of reddening, E = 0.21, and the conversions B- V 
of effective temperature to color were made according to the empirical 
r elation given by Newell (1970). Although the theoretical luminosity 
f unction agrees reasonably with the observed only for the RHB stars, a 
l arge deviation appears for the stars bluer than the RHB. This may be 
accounted for by the longer time spent near the bluest region (near the 
t urning point to the redward color in the model calculations) in the above 
models which include semiconvection. Rood (1973) synthesized a C-M diagram 
(Rood's Fig. la) for HB stars in M3, using the input data, X = 0.75, Z = 10- 3 , 
Age= 11.5 x 10 8 , mean mass= 0.637 M, and mass dispersion= 0.025 M. This 
0 0 
can also apply to NGC 3201 because of the nearly identical HB structure with M3. 
The AGB shows a clear separation at its lower part in the C-M diagram 
(figure 7), but approaching the tip of the RGB its separation becomes obscure. 
In figure 14b only 16 AGB stars in the lower part are shown in the luminosity 
function. Because of small samples of AGB stars (V > 14~2) the comparison 
With the theoretical luminosity function is not attempted here. 
6.3 Off-BHB stars 
In order to examine whether the two "off-BHB " stars are evolving from 
the HB or from the AGB, two of Gingold's (1976) models (M = 0.519 M
0
) and 
116 
M = 0.502 M for y = 0 . 3 , z = 10- 3 and M = 0 . 466 M ) (solid line) 0 core 0 
and a model (M = 0 . 51 M , X = 0.732, z = 10-3 , M = 0 . 468 M ) (short 0 core ~ 
dashed line) of Sweigart et al. (1974) were adopted and their evolutionary 
t racks are shown in figure 16, in which the open circles are two off-BHB 
stars, 1113 and 4502 and the AGB is from Rood's (1972) model (X = 0.7, 
-3 
Z = 10 , M = 0.8 M ) . 
0 
The bolometric magnitudes of these stars were 
obtained from Newell ' s (1970) empirical relation using the adopted redden-
ing, E = 0.21 B-V 
According to the model calculations, star 4502 in figure 16 is 
certainly a supra-HB star (Zinn et al. 1972) evolving from the BHB with 
mass, 0.519 M at the zero age horizontal branch (ZAHB) without reaching 
0 
the AGB after the core helium exhaustion . However star 1113 can be either 
at the stage evolving from the AGB after helium-shell flash with mass 0 . 527 
M at the ZAHB or at t he stage evolving from the BHB with mass 0.519 M or 
0 ~ 
0. 51 M at the ZAHB without reaching the AGB . In the case of M = 0.51 M, 
0 0 
hel ium-shell fla sh occurred more than once (Sweigart et al . 1974). The 
above two different models with M = 0 . 519 and 0.51 M may suggest that star 
0 
1113 is a kind of subdwarf O star (Sweigart et al . 19~4) evolving from the 
BHB without reaching the AGB rather than evolving from the AGB with 
M = 0.527 M at the ZAHB. 
0 
The other three stars, 2215, 1640 and 10 (pe star) seem to be supra-
RB stars with mass, M = 0.536 -0 . 55 M at the ZAHB according to Gingold ' s 
0 
-3 (1976) models with Y = 0.3, z = 10 and M = 0.466 M . 
core 0 
7. ESTIMATE OF HELIUM ABUNDANCE 
The helium abundance in NGC 3201 can be estimated from the R-method 
(Iben 1968; Demarque et al . 1972); the ratio of the number of HB stars 
(N88 ) (up to the end of core helium burning) to RGB stars (NRG) which are 
counted down to -0~15 (Iben 1968) below the HB level. Since all stars in 
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NGC 3201 were measured nearly completely down to V = 15.8, the counting of 
RGB stars down to V = 14.95 should be complete. In NGC 3201, the ratio, 
R = NH8 /NRG is 175/124 = 1.41, which yields Y = 0.36 and 0.25 in the case s 
wi thout and with semiconvection, respectively from Figure 1 given by 
Demarque et al . (1972). 
For M3 Iben et al. (1969) derived Y = 0.28 - 0.32 without including 
semiconvection, and the mean value is consistent with Y = 0.306 obtained 
by Sandage (1970) who used for thisderiva tion the mass and absolute mag-
nitude of BHB stars at the blue edge of the RR Lyrae strip in M3 as 
M = 0.55 M and MV = 0~80, respectively. The above helium abundance in 
0 
NGC 3201 is -0.05 larger than in M3 in the case without semiconvection and 
-0 .05 less in the other case. It seems likely that NGC 3201 and M3 have 
nearly the same helium abundance because of the very similar character-
istics of both cluste rs. 
Iben et al. (1969) draw an important conclusion regarding the uniform 
initial helium abundance in globular clusters from the determinations of 
he lium abundance in M3 and Ml5 by the R-method. A similar conclusion can 
be obtained from a moderately metal deficient cluster, NGC 3201 and an 
extremely metal rich cluster, 47 Tue (Lee 1976). In the latter cluster the 
helium abundance derived by the R-method is Y = 0.29 in the case with 
semiconvection and Y = 0.39 in the case without semiconvection and neutrino 
losses . If stars in the central part (r < 6') in 47 Tue are taken into 
account , its helium abundance will decrease because of the decreasing 
number of HB stars compared to RGB stars. This means that the helium 
abundance in 47 Tue is closer to that in NGC 3201. 
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CHAPTER 5 
THE C-M DIAGRAM OF THE GLOBULAR CLUSTER, M4 
See-Woo Lee 
SUMMARY 
Two-color (BV) photographic photometry of 644 stars brighter than 
V - 15m within 14.1 arcmin of the center of the globular cluster NGC 6121 
(M4) is presented. The photometry was calibrated by 32 photoelectric stars 
in the cluster whose UBV magnitudes have been determined from eight second-
a ry standard stars. The well-defined color-magnitude (C-M) diagram with 
evenly distributed horizontal branch (HB) is similar to the C-M diagrams 
by Greenstein who used a different photoelectric system. Along the giant 
m m branch there appear two clumps at V = 13.5 (HB level) and 14.4, and two 
gaps just before these clumps. The second clump is a characteristic of 
metal rich globular clusters. The reddening from blue horizontal branch 
(BHB) and field stars is E = 0.40 + 0.03. The true distance modulus is 
B-V 
(m-M)
0 
= 11~15 + 0.13 (r = 1.7 + 0.1 kpc from the Sun) adopting~= +l~O 
for the HB. m Other parameters of metal abundance are 6V = 2.3, O(U-B) = 0.1 
and (B-V) = 0.87. All 35 Sawyer-Hogg RR Lyrae variables and two long 
o,g 
Period variables in the region are confirmed, and three new RR Lyraes are 
described . The projected star density and luminosity (in V) distributions 
are generally consistent with the distribution given by King et al . The 
initial helium abundance estimated by the R-method is Y = 0.21 if semi-
convection is included and 0.32 if it is not. 
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1. INTRODUCTION 
h m The globular cluster NGC 6121 = M4 Caso= 16 20.6 , o5 o = -26° 24', 
i = 351, b = +16°) is situated behind the dark nebulos ity in Scorpio-Ophiuchus 
and is one of the nearest globular clusters to the Sun and a ve ry open 
cluster with concentration class IX. Since Greenstein's (1939) early exten-
sive observations , extensive reobservation (-400 stars) in the UBV system 
has been made by Moshkaliov (1974) who presented the C-M diagram without 
giving detailed data. Also some selected stars in the cluster have been 
observed photoelectrically (Newell 1970b; Eggen 1972; Philip 1973). As 
shown by Greenstein and Moshkaliov in their C- M diagrams, M4 (spectral type 
G - Kron and Mayall 1960) is one of the few metal rich globular c~usters 
0 
and has a broad horizontal branch with nearly even distribution of blue and 
red HB stars including many RR Lyrae variables . In addition the large 
spread in the red giant branch (RGB) in Greenstein ' s C-M diagram drew the 
wri t er's attention to the need for extensive observations of the cluster . 
Stars in the outerpart (3 ' < r < 14 . 1) of the cluster were measured 
on seven (scale 26 " /mm) plates , and in the central part (r < 3 ' ) on five 
(s cale 11~3/mm) plates. We use the results to discuss the C- M diagram (§3), 
the two-color diagram (§4) including reddening , the spatial distribution 
of branch stars (§5) , and the luminosity function (§6) including helium 
abundance . 
2, OBSERVATIONS 
2.1 Photoelectric photometry 
A photoelectric sequence of eight secondary standards (table 1) near 
M4 was set up using Cousin ' s (1971) photoelectric standards in the equator-
ial zone . Thirty two program stars (with the underlined number in figure 1) 
between 4 '. 5 and 14.1 from the cluster center were observed between 1973 and 
1974. All observations were made with a single channel photometer at the 
60
-cm reflector of Siding Spring Observatory. 
121 
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TABLE l 
THE SECONDARY STANDARDS 
Stars V B-V U-B n* (HD) 
147491 9.612 .610 .064 6 
147592 8.930 .310 .184 7 
147649 9.634 .441 .264 6 
147703 7. 513 .166 -.012 5 
147743 8.402 .623 .186 5 
147955 8.103 .248 -.001 5 
148152 8.259 l. 223 1.070 4 
148369 9.437 1.655 1.930 5 
n = number of nights 
FIG. 1. - Finding chart for the program stars in the outer 
region of M4 (print of 40 min exposure V-plate taken at the 
f/18 focus of the 100-cm reflector). The photoelectrically 
measured standards are marked with underlined numbers, and 
variables with 'V'. The outermost zone (number 1) located 
I 11.1 - 14.1 from cluster center is of 3' interval, and zones 
2-4 of 2.2 interval, and zone 5 of 1.5 inter val. The 
cluster is divided into four quadrants, I-IV. 
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Since the combination o f photome t e r and telescope is the same as 
that used for the observations of 47 Tue (Lee 1976a), the same instrume~tal 
calibrations and reduction t e chniques were applied for the present observa-
tions . The results are given in table 1 for the secondary standar ds and 
i n table 2 for the program stars . The mean standard deviations of single 
measurements with the 60-cm observations are less than 0~02 in V and (B-V), 
and less than 0~03 in (U-B) . 
2 .2 Photographic photometry 
In order to measure stars over the whole region of M4, two series 
of plates exposed at the f/8 (26"/mm) and f/18 (11~3/mrn) foci of the 100-
cm reflector were taken with the same combinations of plate and filter as 
with 47 Tue (Lee 1976a) , and measured with the Sartorius iris photometer 
at Mount Stromlo Observatory . 
The cluster region (r = O' - 14 . 1) was divided into seven zones and 
four quadrants. (The first and second digits of star nwnbers given in 
tables 2 and 3 are quadrant and zone numbers , respectively, and the other 
two give the number shown in the finding charts (figs . 1-2)). Stars in zones 
1-5 (fig . 1 ) were calibrated with the f/8 plates (10-20 min exposure 4 V-
and 3 B-plates) using pe stars given in table 2 , and stars in the central 
part (r = O' - 3 ' ) , zones 6-7 (fig. 2) with the f/18 plates (20-40 min 
exposure 2 v- and 3 B-plates) . The f/18 plates were calibrated with 30 pg 
s tandards which had been measured on the f/8 plates . 
The reduction method for photographic measurements was the same as 
for 47 Tue (Lee 1976a) . No apparent systematic differences we re found in 
magnitude transformations from the photoelectric measures to the photographic 
and from the f/8 plate measures to the f/18. The mean errors (Lee 1976a) 
rn 
which were estimated from the actual photographic data are less than 0 . 03 
in V and B. The photographic results for 644 stars in the cluster are 
TABLE 2 
PHOTOELECTRIC STARS IN M4 
Pho toe Zectric 
Star 
1 
2 
3 
2107 
2108 
2109 
3105 
3108 
3111 
3114 
4119 
1203 
2202 
2206 
2207 
3207 
3209 
3215 
3216 
3225 
4208 
2307 
3303 
4302 
4304 
4305 
4306 
4316 
1403 
1411 
1412 
3413 
4404 
4408 
4501 
V 
8.93 
11.67 
9.63 
14.75 
13.40 
13. 90 
11. 29 
13.13 
13. 37 
13.42 
12.49 
14.90 
9.61 
11. 90 
10.26 
11. 91 
10.91 
12.22 
12.68 
15.10 
12.03 
11. 54 
11.84 
12.28 
14.41 
13.46 
14.37 
13.56 
12.09 
11.07 
10.09 
11. 34 
12.96 
13.03 
10.39 
8-V 
0.31 
1.12 
. 44 
1. 32 
.92 
.94 
.62 
. 44 
. 54 
.96 
1. 44 
1.13 
.61 
1. 45 
1. 75 
1.19 
1.67 
1. 20 
.59 
1.10 
1. 42 
1.67 
1.60 
1.19 
1. 54 
1. 23 
.73 
. 38 
1. 43 
1. 75 
1.65 
1. 53 
1. 28 
.44 
.86 
n = number of nights 
M member star 
F = field star 
U-8 
0.18 
.74 
.26 
.97 
.31 
. 44 
.17 
. 36 
.33 
. 37 
1. 40 
. 50 
. 06 
1. 30 
2.00 
.85 
1. 81 
.73 
. 30 
.46 
1. 25 
1. 68 
1. 67 
.79 
1. 66 
.74 
. 20 
. 29 
1. 25 
1. 83 
1.61 
1. 39 
.94 
.30 
.34 
n* 
7 
1 
6 
2 
2 
2 
1 
3 
4 
2 
1 
2 
6 
4 
4 
2 
1 
3 
2 
2 
3 
4 
2 
1 
2 
3 
2 
3 
2 
4 
5 
1 
2 
1 
4 
HD= Secondary stars in Table 1 
V 
8.94 
11. 69 
9.67 
14.75 
13. 39 
13.91 
11. 26 
13. 58 
13.40 
13. 41 
12.48 
14.95 
9.60 
11. 90 
10.25 
ll.91 
10.95 
12.25 
12.68 
15.09 
12.06 
11. 54 
11. 82 
12.27 
14.43 
13.45 
14.40 
13.57 
12.10 
11.06 
11. 33 
12.95 
13.05 
10.40 
Photographic 
8-V 
0.28 
1. 09 
.48 
1. 36 
.95 
.98 
.65 
.82 
. 54 
.96 
1. 42 
1.17 
.61 
1. 47 
1. 78 
1. 20 
1.68 
1.16 
.60 
1.06 
1. 42 
1.69 
1. 58 
1. 20 
1. 53 
1. 23 
• 77 
. 36 
1. 44 
1. 75 
1. 53 
1. 30 
.42 
.86 
Remark* 
F,HD147592 
F 
F ,HD147649 
F 
M 
F 
F 
M,V29 
M 
M 
F 
M 
F,HD147491 
M 
M? 
F 
M 
M? 
F 
M 
M 
F?,E316 
M 
M 
F 
M 
F 
M 
M 
M,E512 
M,V4 
M 
M 
M 
F 
E = Star observed by Eggen (1972) whose following number is 
Greenstein's (1939) number. 
V = Variables whose following number is Sawyer-Hogg's (1972) 
catalogue number. 
J 211 
Star V 
1101 14 .55 
1102 11. 96 
110) ll . 81 
1104 1) . 59 
1105 14 .65 
1106 14 .12 
1107 14 . 36 
1108 14. 78 
1109 ll.48 
1110 14.34 
1111 13.97 
1112 14.)8 
2 101 14 . 53 
8-V Note 
I. 24 
1.)6 
. 49 
I. 46 
I. )0 
I. )2 
I. )2 
. 92 
. 48 
I. 46 
.90 
1.01 
.95 
1201 
1202 
120S 
1206 
1207 
1208 
1209 
1210 
1211 
14 .73 1.)6 
14.)5 1.00 
14.)2 1.01 
14 .16 1.26 
1). 41 . 46 
14 . 88 l. 12 
14.16 .es 
ll.55 .BO V l 
1) .)5 . 46 
1)01 14. 61 l. 79 
1302 14 . 37 l. 39 
1)0) 14.20 1.21 
1)04 1). ss l. 28 
ll05 ll.9S 1.28 
ll06 14 . 89 l . 16 
1)07 14 . 57 1.16 
1)08 14.75 1.18 
ll09 1). 29 1.05 
lllO 14.00 1.22 
lll1 14.45 1.18 
lll2 l S.02 1.12 
llll IS.00 1.57 
1401 14.37 
1402 ll.67 
1404 13.40 
140S ll. ll 
1406 ll.82 
1407 13. 29 
1408 11. 79 
1409 1).7) 
1410 13.24 
1413 14.03 
1414 14.08 
1415 ll.39 
1416 ll. 43 
1417 14.86 
1418 lS.11 
1419 14.90 
1422 lS.20 
1423 14.92 
1424 14. 75 
1501 11.6) 
1504 12. 90 
1505 13.47 
1506 1). 47 
1507 14. 46 
1508 1).)6 
1509 ll.05 
1510 ll.01 
1511 14.47 
1Sl2 12. 71 
1513 13 . 16 
1s14 10. es 
ISIS ll.S6 
1Sl6 14.66 
IS17 ll. Sl 
1.12 
1. ll 
. 94 
.9S 
1. )1 
1.09 
1.41 
.90 V 2 
.98 
.95 
l. 24 
. 82 Vl 1 
l. 27 
1.61 
.96 
.91 
1.06 
1.12 
1.15 
l. ss 
1.14 
.4S 
l. 27 
l. 26 
.88 V 5 
1. ll 
1. )1 
1.19 
l. lS 
I.OB 
1. es £522 
.9S 
l. 17 
. 48 
PHOTOGRAPHIC MAGHI'nJDES AND COLORS OF STARS IN H4 
Sta.r V 8-V Note 
2102 14 .78 1.)6 
2103 12.69 l. 74 
2104 13 .22 .43 
2105 14 . 47 1.)) 
2106 14.04 .87 
2110 14.45 1.77 
2111 ll.7l 1.37 
2112 14.0l .99 
2113 ll. 71 I.OS 
2114 ll.64 .5S 
2115 14 . 4) 1.09 
2116 13. 74 1.49 
2117 13.19 1.34 
1212 
12ll 
1214 
121 S 
2201 
220) 
2204 
220S 
2208 
14. 07 1.75 
14 .94 l.ll 
14 .94 1.14 
14 .'.36 1. )6 
14.45 1. 21 
14.69 .86 
13.83 . 48 
13.6) .94 
12.30 l.47 
2)01 
2)02 
2)0) 
2)04 
2)05 
2)06 
2308 
2)09 
2ll0 
2)11 
2ll2 
2)1) 
2)15 
12. 64 
1) . 55 
13.14 
14.67 
1). 07 
14 .81 
14 . 18 
14. 54 
ll. 78 
14 .92 
ll. 57 
ll. 52 
12.82 
1. 47 
l.2S 
. 29 VlS 
1.17 
l. )6 
1.14 
1. 29 
1.19 
l. lS 
l.6S 
.96 
. S6 
l. 29 
1426 13.45 . 45 
2401 ll.47 .9S 
2402 12.99 .67 Vl9 
240) 14. S8 1. 20 
2404 ll .05 1.28 
2405 ll.47 .80 
2406 10. 72 l. 75 Vll 
2407 14.43 
2408 ll. 29 
2409 ll.)7 
2410 12.66 
2411 13.57 
2412 1).81 
241) l). )8 
2414 13.29 
241S ll.49 
l. 20 
1.01 
.69 V 6 
l. lS 
1. 27 
.8) 
.96 
• 7) 
. 46 
2416 14.46 1.19 
2417 14 .71 1.18 
2418 14.)) I. 24 
1518 13.8) .91 Vl2 
1519 ll.94 .91 Vl4 
1S20 ll.SS .52 
1S2l ll.54 .92 
1S22 IS.11 1.06 
1523 14.Sl 1.18 
IS24 14.92 I. IS 
2501 ll.6) 1.26 
2502 ll. l7 .9S 
250) ll.64 .82 V 7 
2504 ll .lS . 47 
250S 12. 9S . 22 VIO 
2506 14.ll 1.21 
2507 ll.34 1.00 
2S08 ll.68 l.2S 
Sta.r V e-v Note 
Zo,ta l 
2118 14.04 1.29 
2119 14 .66 1.16 
)101 14 .2) 1.17 
)102 14 .11 1.19 
llOl ll . 79 1.18 
)104 14 . )9 1.09 
ll06 14. 24 1. 14 
ll07 14.)9 1.18 
)109 14 . 69 1. )6 
lllO ll. 46 1. 20 
3112 ll. BO 1.49 
llll 14 .lB 1.16 
lllS 14 . ll 1. OB 
io,,. 2 
2209 15.0) 1.17 
)201 12 .7 1 1.40 
)202 14.45 1. 29 
)20) 1).)) 1.21 
)204 1) .)7 1.21 
l20S ll .l4 1.19 
)206 12. 20 . 7l 
1208 14. 25 l. Sl 
)210 1) . 70 1. )9 
=· J 
2ll6 
2)17 
2)18 
2)19 
2)20 
2)21 
2)22 
llOl 
ll02 
))04 
))05 
))06 
))07 
))08 
lS . 2) 
14 . 89 
IS.OS 
15 .11 
15.07 
15.11 
IS. 25 
ll.17 
ll. 26 
ll. lS 
ll.92 
ll.17 
1). 2) 
1).4) 
Zens 
2419 ll.OB 
2420 14.80 
2421 ll.ll 
2422 12.37 
24 2) l).12 
2424 ll.SS 
2425 13. 51 
2426 1). 46 
24 27 l).40 
2428 14.87 
)401 1).27 
3402 ll. 20 
l40l ll. Sl 
3404 13.00 
3405 ll. 4) 
)406 ll. 91 
3401 14 .41 
3408 1).28 
3409 l4.S2 
1.04 
1.18 
1.09 
1.07 
.9) 
1.02 
1.04 
.46 
.92 
.ll 
l.Sl 
• 72 
. 4) 
1. S6 
l. 28 
l. ll 
. 46 
1. )8 
.92 
.12 V l 
1. 26 
.92 
. 85 V35 
1.16 
l. 21 
. 4S 
.71 VJl 
l. 22 
I. IS 
1.18 
I. IS 
.le 
1.01 
Zc"'1 5 
2509 14.00 1.24 
2Sl2 12.68 l. lS 
2Sll 14.88 1.10 
2Sl 4 ll.SO 1.26 
2515 ll .81 1.24 
2516 13. 74 l. 25 
2Sl9 II.Bl 1.4) 
2S20 lS.16 1.08 
lSOl ll.07 1.21 
lS02 14.ll 1.21 
)50) ll.19 .98 
)504 ll.S5 .Bl V28 
)SOS ll.66 .)0 
)506 13.57 1.23 £78 
lS07 ll. lS l. 22 
lS08 ll.Sl 1.25 
Sta.r V 
3116 14.87 
)117 14 .92 
4101 11.ll 
4102 12 .10 
410) 14. )9 
4104 14.58 
4105 12. 92 
4106 14.26 
4107 1).89 
4108 13.92 
'109 14.6S 
4110 12. 95 
4111 12 .2 ) 
)211 14.44 
)212 14.6) 
)21) 14 .28 
)214 ll .41 
)217 14. )5 
)218 1).56 
3219 14.0) 
3220 l4.6S 
)221 14.69 
8-V Note 
1.46 
.98 
.66 
1. )6 
.91 
1.12 
l. 28 
.89 
1.22 
1.08 
l. 5l 
1.41 
1.41 
1.46 
1.49 
.99 
. 6) V4 2 
l. lS 
1.26 
l. 27 
1.01 
1.16 
llOB ll.4l l.S6 
ll09 12 . 46 l. 26 
))10 ll.2) .86 
ll11 ll.96 1.42 
))12 ll.77 1.16 
llll 14. S8 l. ll 
))14 ll . 81 I. 86 
lll5 ll.2l . 4l 
))16 l).00 . 76 
lll7 lS.04 1.00 
))18 14. 90 1.07 
))19 14.97 1.06 
ll20 lS.lB .96 
ll21 lS.26 1.10 
3410 ll.6S .S7 
)411 14.15 1.18 
3412 ll . 40 l.2S 
)414 13.)0 . 49 V27 
)415 14.12 1.18 
)416 14.15 1.25 
3417 ll.69 1.58 
)418 14 .16 1.20 
1419 ll.OB 1.28 
)420 ll. 44 l. 0 4 
)421 14. 77 1.04 
3422 14. 72 1.13 
l42l 14. 6S 1.10 
3424 14.65 1.04 
l42S IS.02 1.04 
3426 15.15 1.01 
)427 14. 96 1.10 
4401 l).65 1.)1 
4402 14.68 1.17 
)509 13. 94 l. 17 
lSIO 12.60 .88 
)511 13.12 .44 
lSl2 1).89 l.S6 
lSll ll. )8 l. 26 
lSl4 14.66 1.17 
lSIS ll.27 .89 
lS16 14.83 1.10 
)511 14.90 1.10 
lS18 15.10 1.04 
lSl9 14. 68 1.18 
lS20 IS.OS 1.06 
lS2l 14.83 . 71 
lS22 IS.09 1.06 
lS2l 14.93 1.10 
lS24 IS.IS 1.ll 
125 
Star V e-v Not.e 
4112 14. 21 1. 42 
411) 1).49 .86 
4114 ll.66 l.61 
411S ll.90 l.69 
4116 ll.74 I.SO 
4117 1).41 .74 
4118 14 . 42 1.20 
4120 14.00 .95 
4121 l).11 1.81 
4122 13.13 . 59 V32 
4123 14 . 74 . 46 
4124 14. 26 1.17 
4125 U.82 .87 
)222 
)22) 
3224 
4201 
4202 
420) 
4204 
4205 
4206 
4207 
15.02 1.09 
14.87 .87 
14.89 1.02 
11.67 1.lB 
14.28 1.18 
ll. 68 1. )0 
14.53 1.21 
14.02 1.34 
ll.OS 1.23 
12.45 1.29 
)322 15.01 1.)8 
))2) 14. 11 1.12 
4)01 13.88 1.44 
430) 14.10 1.24 
4307 14 .)6 1.17 
4)08 14.12 1.20 
4309 14 .69 1.15 
4)10 12.01 1.)8 
4311 14.49 1.18 
4)1 2 14. 69 1.16 
4)14 14.42 1.20 
4315 ll.SO .41 
4)17 ll.88 1.22 
4)18 13. 75 1.20 
4319 14. 73 1.34 
4403 
440S 
4406 
4407 
4409 
4410 
4411 
4412 
4413 
4414 
4415 
4416 
4417 
4418 
4419 
4421 
4422 
4423 
4424 
44 25 
14.53 1.48 
14.)0 1.22 
ll.)6 .9) 
14.)8 1.21 
ll. 43 .9S 
14. 58 l. 21 
ll.lB 1.21 
l). )2 .91 
12.62 l. )0 
11. 76 1. )) 
12.S2 1.)6 
12.89 1.)0 
1). 2) .9) 
l).40 .96 
ll. 31 . 58 V)O 
12.41 1.)6 
lS.00 1.11 
14. 93 .94 
14.84 l.l) 
15.06 1.06 
4 S02 14.SS 1.)6 
4503 14.92 1.14 
4504 14. 73 1.16 
4506 14.63 l. 22 
4501 13.46 1.27 
4508 12.89 1.)0 £265 
4509 12.95 1.)0 £266 
451 0 14.42 1.20 
4511 11.57 1.56 
4512 13.41 .90 
4Sll 12.41 1.10 
4 514 14. 22 1.20 
4SlS ll. 68 l. 23 
4516 13.40 1.25 
4517 15.17 1.08 
4 518 14. 75 1.15 
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~ (COtfffNIIED) 
Star V 11-V Note Star V 8-V Note Stu V 8-V Note Star V 8-V Note Stu V 8-V Note 
Zan• 6 
1601 12. 81 1.35 162• 15. 26 1.15 2621 13.15 1.28 3616 ll. 39 , 52 ,6oe 14.46 1.17 
1602 14.05 1.25 1625 12. 74 1.40 2622 1'.91 l. ll 3617 1'.35 1.18 •609 14 .94 1.17 
1603 13. 32 .e, 1626 15.28 • 71 2623 12.93 1. 33 3618 u.,9 1. 23 4610 13. 48 .88 
1604 1'.92 1.19 1627 13. 52 .99 262' 1'.18 1.20 3619 13. 31 1.01 4611 11.02 2.00 £259 
1605 12.,2 1. ,o £209 1628 1' . 56 1. 26 2625 1'. 68 1.16 3620 ll.67 I. 2, ,612 1'.13 1.22 
1606 15. 22 1.09 2601 15.00 l. ll 2626 12. •6 1.39 EIS• 3621 12.62 I. 33 £30 4613 10.81 1.97 £261 
1607 u . ,o 1. 20 2602 ll. 30 • 53 £7 2627 u . ,9 1. 27 3622 ll. 29 .9. £29 
.61' 14.94 1.15 
1608 13 . 17 1.30 2603 ll. 73 1.23 E8 2628 1'. ,1 1. 23 3623 1'.86 1.12 •615 IS.OB 1.09 
1609 15.01 1.13 260. 13 . 75 1.22 Ell 2629 ll. 22 I. 25 362. 11.80 I. 50 £27 
.616 13.62 I. 22 
1610 13. 42 .86 2246,V? 2605 u.e, 1.17 2630 12 .93 .87 V7 3625 1' , 83 1.13 £25 4617 14.69 I. ll 
1611 l) , 08 1.29 2606 1' . 90 1.19 3601 12." 1.11 2139 3626 1'.67 1.15 •618 ll. 50 • 77 V26 
1612 14.66 1.14 2607 12. 56 1.15 3602 ll. 22 .• 9 V 3627 ll.09 1.29 4619 14 .18 1.18 
161) 15 . 25 1.09 2608 12.25 1. 39 £6 1603 1' .66 I.OB 3628 12 .39 1. 24 4620 15.04 1.14 
1614 13 .24 1.28 2609 1'.06 1.22 3604 ll.19 I. 22 3629 13. 22 .86 £17 •621 13. lS .91 
1615 14, 44 1.19 2610 13. 36 .62 VB 3605 14 . 70 1.10 3630 u.,9 ,89 4622 14. 40 1.11 
1616 14. 88 I. ll 2611 13.9. 1. 23 3606 13.,3 I. 21 l6ll ll . 36 I. 26 
.621 ll. 81 I. 22 
1617 12.18 1.)9 e2,e 2612 13 . 31 .67 V9 1607 14. 57 1.16 3612 13 , 91 I. 21 4624 12. 71 I.JS 
1618 14 • • 6 1.19 2613 ll . 58 . '2 )608 IS.OB I.OJ )633 13. ll . Sl 
.625 1' . 90 1.11 
1619 11.83 1.,e 2614 ll. l9 .so 1609 14. 26 1.17 .601 13 . •9 I. 28 4626 ll.10 .91 
1620 13 . 19 .67 £252, VlB 2615 14.07 1.17 1610 14 , 97 I.OB .602 13.01 1. l7 4627 14 .14 1.15 
1621 ll . 47 I. 26 2616 13 . 13 .58 1611 15 .27 1.40 ,60) 13.12 I. 28 4628 14.'3 I. ll 
1622 13 . 37 1. 28 2617 11.90 1. 48 1612 11.9) 1.44 EH 4604 ll . 4) 1.00 
.629 15.15 1.00 
162) 13.45 . 91 £255 2618 13 . 9) I. 22 l6ll 14. s, 1.17 ,6os ll.•8 .56 
.6)0 12. 21 l.'2 E237 
1624 15.26 1.15 2619 14. 84 1.13 )614 1'.60 1.10 4606 13 . 54 . 63 vu 4631 14.10 1. 20 
2620 13.90 1.22 1615 14. lS 1.12 4607 13 . 45 ,85 4612 13. 4) . 45 
46)) 11. 89 1.,0 £205 
Zons 7 
1701 12.02 I. 38 1727 14.42 1.1' 2719 14 .96 l.07 )712 ll.l7 1.17 '704 II. 81 I. ,o 
1702 ll.20 • 57 V37 1728 12.01 1. 39 2720 1' . 71 I. 16 )713 II. 21 I. 71 '705 11. 88 I. ,2 
170) 13.22 1.00 1729 13 . 16 . 59 27'1 14 .94 1.10 J714 14 .19 I. 21 4706 13.U . 98 
110, 1' . 97 1.09 1730 1).14 1. 39 2722 14 .29 1.19 l715 14 .0 1 I. 22 4707 15.07 1.14 
1705 12 . 71 1.15 1731 12 .68 1.)5 272) 14 .68 1. 09 3716 14. 79 . 71 4708 14. 7) 1.12 
1706 14. 76 1.15 1712 12.90 I. 31 2724 ll. 81 I. 81 3717 14 . 66 1.14 4709 14. 29 . 99 
1707 14. '3 I. 20 1733 12 . 97 1.10 2725 14.09 1.22 1718 ll. 51 1.25 4710 13. ll . ,s V2l 
1708 14.47 1.18 1734 12. 50 1.16 2726 12. 67 1.14 1719 14. 7' I. 10 4711 14. 97 1.06 
1709 14 . 14 I. 20 2701 1).2) .94 2727 3720 13.13 , 86 V25 4712 14. 97 1.16 
1710 14. 4l 1.16 2702 14.63 1.13 2728 13.11 . 78 VIB 3721 12. 86 1.12 4713 ll. 20 l.06 
1711 14. 48 I. 20 270) 14 . lS 1.15 2729 ll. )9 l.14 l722 13.17 . 75 V24 4714 13. 76 I. 22 
1712 14.43 I. 20 2704 14. 05 I. 20 27l0 ll . 47 • 45 l72l ll. 48 . 47 4715 14. 58 1.10 
171) 13 .10 1.04 2705 14.33 1.17 27)1 14 .69 1.06 1724 13. 29 • 50 4716 13. 14 I. 29 
1714 14.10 1.19 2706 14.49 • 7l 27l2 1).18 1. l7 3725 ll. 22 . 54 4717 13. lS 1.01 
1715 14. 20 1.20 2707 15.03 I. 10 27ll 12.88 1. 42 1726 13 . 26 I. 2, 4718 14. 72 1.15 
1716 14 .67 1.16 2708 14. 24 , 59 3701 12 . 73 I.)) )727 ll.16 . 50 4719 13.80 1.16 
1717 ll . 14 .56 V 2709 14. 81 1.12 3702 12 .16 I. )9 3728 11. 86, I. '3 4720 13. lS . 56 
1718 ll . 42 , 51 2710 ll .09 . 94 Vl6 370) ll . 35 . 55 3729 ll . 75 I. 2) 4721 11.92 1.46 
1719 14. 32 1.18 2711 12.41 1.18 )704 13 . 44 I. 25 )7)0 12. 27 I. l7 472 2 13.21 . 96 
1720 12 . 92 1.12 2712 I) , 84 I. 21 l705 12. 48 1.18 l7ll ll.16 , 81 V22 472) 12.96 1.02 
1721 ll. 39 I. 32 271) 14. 42 1.18 3706 12 . 58 1.13 )732 ll . 06 . 54 V 4724 14 . 45 1.16 
1722 13 .64 1.26 2714 14. 25 1.10 3707 14 . 40 . 94 )7]) ll . 11 .92 4725 ll. )2 1. 28 
1723 ll.44 I. 27 2715 1), 96 1.19 l708 14 . 43 1.17 3734 12.86 1.09 4726 13. 56 l. 34 
1724 ll . 32 . 87 V)9 2716 ll.63 I. ll 1709 1).19 
. ~· 4701 14 . 41 1. ll 4727 12. 56 1. 33 172S 14. 56 1.13 2717 13. 74 1. 24 1710 13.16 1.10 4702 13.07 .85 V21 4728 13. 21 l. ll 
1726 13 . 44 .45 2718 13 . lO • 57 3711 12. 49 1.18 470) 14.68 1.17 4729 ll.13 • 70 V20 
4730 14 . 84 1.12 
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FIG. 2. - Finding charts for the program stars in the 
central region of M4 (print of the same plate used for 
figure 1). Each zone is of 1.5 interval. Variables are 
marked with 'V'. 
Author 
Lee 
(present) 
Greenstein 
(1939) 
Newell 
(1970b) 
Eggen 
(1972) 
Phillip 
(1973) 
TABLE 4 
ESTIMATES OF REDDENING OF M4 
E Author E B-V B-V 
0.40 ± 0.03 Kron & Mayall 0.39 (1960) 
0.42 ± 0.09 Racine 0.27 ± 0.05 (1973) 
0.45 ± 0.03 Harris & van den Bergh 3 (1974) o. 9 
0.36 Burstein & McDonald 0.30 (1975) 
0.34 
I-' 
N 
a:, 
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given in tables 2 and 3. Stars (denoted by E) were photoelectrically 
observed by Eggen (1972) and the following number is Greenstein's (1939) 
number. 
In figure 3 the differences (Lee-Eggen) between the present pg and 
Eggen 's pe measures were plotted against the present magnitudes, V 
L 
There are apparent systematic differences in Vin the sense that Eggen's 
V-magnitudes are fainter for stars (V > 12.5). A similar effect has been 
shown in the case of 47 Tue (Lee 1976a), and can be expected in photo-
electric measurements in the crowded central region. 
3. THE C-M DIAGRAM 
Five C-M diagrams for stars in M4 are plotted in figures 4 and 5 
where open triangles denote RR Lyrae variables which were excluded in 
figure 6. The C-M diagram for stars in zones 1-2 in the outer region show 
the comparative large breadth of the RGB which is possibly due to contamin-
ation by field stars, whereas the C-M diagram, figure 5 for the inner stars 
has a well-defined RGB. One characteristic is the deep HB, which is also 
shown in the C-M diagrams of Moshkaliov (1974) and Greenstein (1939). The 
general shape of the C-M diagram of M4 is very similar to those obtained by 
the above authors, and the mean HB in Moshkaliov's diagram is -0~1 fainter 
than found here. Clusters with similar C-M diagrams are NGC 6171 (Dickens 
and Rolland 1972), NGC 6712 (Sandage and Smith 1966) and NGC 6723 (Menzies 
1974) all of which belong to the Oosterhoff type I (fig. 6 and table 5). 
A total of 38 RR Lyrae variables and two long period red variables 
Within the measured region (r < 14.1) in M4 were identified. Three of the 
RR Lyraes are not listed in Sawyer-Hogg 's (1972) catalogue. All these 
Variables together with two suspected RR Lyrae stars are indicated in table 
3 With a V; the following number is the Sawyer-Hogg catalogue number. 
FIG. 3. - The difference between the present pg and Eggen's pe values 
(the present - Eggen's) are plotted against the present magnitude, V. L 
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FIG. 4. - The C-M diagrams of M4 for (a) pe stars, (b) stars in zones 1-2, 
(c) in zones 3-5 and (d) in zones 6-7. Open triangles are RR Lyrae variables. 
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FIG. 5. - The C-M diagrams of M4 for the stars in zones 3-7 including pe 
stars in zones 1-2. RR Lyrae variables were excluded. 
135 
.
 
0 
.
 
N
 
.
 
.
 
~ 
.
 
•
 
•
 
.
 
.
 .
 
.
 
•
 
•
 
•
 
2 
•
 
.
 
•
 
.
.
 
.
 
.
 
.
 
.
 
•
 
.
 
: 
.
 
.
 
•
 
.
 
.
 
•
 
.
 
•
 
.
 
.
 .
 .
 
.
 
.
 
•
 
•
 
.
 
.
 
.
 
.
 .
 
.
 
•
 
•
 
.
 
.
 .
 
.
 
.
 
.
 
•
 
.
 .
.
 
.
 
.
.
 
•
 
., 
.
 
.
 
.
.
 
.
 
.
 
: j_, 
.
 
.
 
•
 
•
 r •. r 
.
 
.
 
.
 
.
 
.
 
•
 
'· 
.
.
.
 
.
 
.
 
•
 
•
 
.
 
•
 
•
 
•
 
•
 
•
 
•
 
•
 
.
 
I 
·
-,. 
.
 
·:=, •
 
.
 
I I 
.., 
.
.
,i 
0 
•
 •
 
•
 
.
 
•
 
•
 
'i' M 
•
 
•
 
:l +
 l! 
g ~ 
N
 
M
 
>
 
FIG. 6. - The comparison of the C-M diagra~s. The solid line is the C-M 
diagram of M4 by the present author, and the dashed line, the dotted line and 
the dashed-dotted line are for NGC 6712 by Sandage and Smith, for NGC 6723 by 
Menzies and for NGC 6171 by Dickens and Rolland respectively. All the C-M 
diagrams are plotted against the reddening corrected color, (B-V) and matched 0 
at the HB of M4 taking its absolute magnitude as ~ = +l. 0. 
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TABLE 5 
SOME CHARACTERISTICS OF METAL RICH GLOBULAR CLUSTERS 
1Galactic 1Concen- 2 Kron/ 30osterhoff Cluster latitude tration E t::.v 
b class Mayall type 8-V 
NGC 6121 
+16° (G ) 0.40 · 2. 3 (Lee, present) IX I 0 
NGC 6171 
(Dickens & Rolland, +23° X G3 I 0.28 2.07 
1972) 
NGC 6712 
(Sandage & Smith, - 50 IX: GS I 0.48 2.2 
1966) 
NGC 6723 
(Menzies, 1974) -18° VII G4 I 0.0 2.3 
= Arp (1965) 2 = Kron and Mayall (1960) 3 = Castellani et al. (1970) 
O(U-B) (B-V) 
o,g 
0.10 0.87 
0.09 0.98 
-
0.89 
0.15 0.92 
" = Dickens (1972) 
"HB 
typ< 
4 
6 
5 
5 
..... 
w 
-...J 
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4. THE TWO-COLOR DIAGRAM 
The pe stars given in tables 1 and 2 are plotted in figure 7 where 
open circles represent the secondary standards (HD stars) and open tri-
angles define field stars. These stars clearly have a smaller UV excess 
than the M4 giants. Only two subgiants with a large UV excess can be 
easily distinguished from field stars in figure 7. 
The mean line of red giants and subgiants in the two-color diagram 
approache s the standard relation with increasing color (B-V). This tend-
ency was also shown in 47 Tue (Lee 1976a; Cannon 1974) and seems likely 
to be a characteristic of metal rich globular clusters as suggested by 
Cannon (1974). 
4.1 The reddening 
Because of the different UV excess of field stars in and near the 
cluster in the two-color diagram, the reddening of M4 has been estimated 
using three methods. 
(1) Assuming that the hot BHB stars are located along the standard rela-
tion for Population I stars (Sandage 1969; Newell 1970a), this standard 
relation is shifted along the reddening slope, E 8/E V = 0.72, until U- B-
two blue field stars and three cluste r BHB stars lie on it. 
The resultant reddening is E = 0.31 + 0.03 as shown in figure 7. This B-V 
value is small compared with other estimated values given in table 4. 
When we consider the location of M4 behind the Scorpius-Ophiuchus dark clouds, 
the above small reddening value may indicate diff erent reddenings between 
bright field stars and the cluster stars or even among stars in the 
cluster where differential reddening is seen in Newell's (1970b) observa-
tions of 11 BHB stars in M4. 
(2) Reddening for the field stars (measured more than once ) given in 
tables 1 and 2 can also be determined from the two-color diagram, the 
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FIG . 7. - The t wo-colo r diagram for M4 . The solid line is the 
standard r lation for Population I stars and the dashed line the 
reddening corrected l ine aJonq the slope o ;: reddening , Eu_ 8/E8 _v = 
0.72 u sing E8 _v =- 0 . 31 f'or Bl!B stars and blue HD stars (se c te xt} . 
Open d rc l c s u.r c he s cnnd.-iry standanh; , and open triangles and 
fi lled &1uares arc field stars i n M4 and variables , respectively . 
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visual absolute magnitude-luminosity relations (Keenan 1963) and the 
i ntrinsic color-luminosity relations {Johnson 1966). Assuming them to be 
Population I dwarfs, the distance moduli are plotted as functions of 
r eddening in figure 8. Extrapolation to (m-M) = 12.35 gives EB-V = 0.38 + 
0 .03 for the cluster stars. This reddening value is consistent with the 
mean of the listed reddenings in table 4. 
(3) The blue end of the RR Lyrae g a p in M4 is sharply defined at B-V = 0.58 
(fig. 5). The direct application of the intrinsic color (B-V) = 0.17 
0 
f or the blue boundary of the gap in the unreddened cluster M3 (Sandage 1970) 
y ields E = 0.41 for M4. This value is consistent with that derived in 
B-V 
t he above second method, and we now adopt the mean reddening, EB-V = 0.40 + 
0 .03 for M4. 
Taking~= +l for the RR Lyrae stars the adopted reddening and 
observed magnitude of HB, m = 13~35 + 0.13 yield the true distance 
V 
modulus , (m-M) = 11.5 + 0.25 and r = 1.7 + 0.1 kpc from the Sun. 
0 
This is 
in agreement with Greenstein 's (1939) derivation, r = 1.9: 0.2 kpc, and 
indicates that M4 is probably the nearest globular cluster to the Sun. 
4.2 Parameters for metal abundance 
The two-color diagram is shown in figure 7. We read off a UV excess 
of 0.10 at (B-V) = 1.0, from which we infer [Fe/H] = -0.50 relative to the 
0 
Hyades (Wallerstein and Helfer 1966). The magnitude difference (Sandage and 
Wallerstein 1960) between the RGB and HB level at (B-V) = 1.4 is 
0 
~V = 2~3 + O~l. The reddening free color (Sandage and Smith 1966) of the 
RGB read at the HB level is (B-V) = 0.87. All these metal indices 
o,g 
together with the spectral type, G (Kron and Mayall 1960) indicate that 
0 
M4 is a relatively metal rich globular cluster. Table 5 illustrates the 
relationship of NGC 6121 to other clusters which are metal rich. 
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5. THE SPATIAL DISTRIBUTION OF STARS 
Because no measurements of photographic U magnitudes have been made 
in this study , a clear separation of the field star content in the field of 
M4 is not possible. However we can approximately estimate the number of 
f ield stars in a given photographic magnitude assuming stars far away from 
each branch of the cluster C-M diagram to be field stars. The estimated 
number of field stars in the measured region, r ~ 14.1 are 27 form < 14 pg 
and 79 form < 15 while the expected number of field stars (Allen 1973) pg 
a t the galactic latitude, bII = +15° are 43 form < 14 and 101 form < 15. pg pg 
The smaller number of field stars in the cluster than in the normal region 
was also demonstrated by Greenstein (1939) from star counting, and it can 
be understood from the large amount of reddening due to the foreground dark 
nebulosity in Scorpio-Ophiuchus. 
Stars in M4 were nearly completely measured down to V = 14.6 except 
f or unmeasurable double image stars and they are tabulated with different 
branches and zones in table 6 where filled stars are excluded . In figure 
9 the ratio of branch star numbers given in table 6 are plotted as functions 
of the mean distance in each zone. In figure 10 the surface star density, 
l og f (f = number of stars per square arcmin) is plotted as functions of 
[ (r~ . + r2 i, log r (r = effective radius defined by r 
- d' )/2] . e e e inner radius outer ra ius 
The error bars in the figures represent the uncertainty due to the number 
of field stars. Although there are no scaled radial differences in the 
distribution of HB and RGB stars toward the cluster center, some radial 
variations in the concentrations of branch stars are evident. RR Lyrae 
variable s (3 2%) and HB stars (26%) are more concentrated in the core 
I 
r egion (core radius r = 1.55 (Peterson and King 1975) is the same as that 
C 
of the c entral zone 7) compared with RGB stars (22 %). However the x2 -test 
shows that the radia l variations of RR Lyrae stars relative to the RGB 
stars ove r the whole r egion (r < 14.1) are negligible at a 22 % l evel of 
TABLE 6 
m SPATIAL DISTRIBUTION OF BRANCH STARS (V < 14.6) IN M4 
r 
(min) 
N VA 
N 
HB 
N 
0.0-
1. 5 
59 
5 
15 
13 
28 
12 
40 
104 
Zs 
1. 5- 3. 0 
3.0 4.5 
64 
1 
13 
9 
22 
6 
28 
93 
32 
2 
9 
6 
15 
6 
21 
55 
4.5 
6.7 
38 
3 
15 
9 
24 
9 
33 
74 
Z1 Total 
6.7 8.9- 11.1-
8.9 11.1 14.1 
27 
1 
5 
7 
12 
1 
13 
41 
22 
1 
2 
3 
5 
2 
7 
30 
22 
2 
4 
5 
9 
2 
11 
35 
264 
15 
63 
52 
115 
38 
153 
432 
number of 
]4 3 
stars in RGB, AGB, RHB and BHB, respectively. N : number VA 
of RR Lyrae variables. N = N + N · BR BH RH' 
N = N + N + N HB RG AG 
The first row gives the boundaries 
of each zone from the cluster center, and the numbers in 
the last column are the sum of the numbers in each row. 
FIG. 9. - The ratios of branch star numbers and the integrated color, (B-V) in each zone are plotted 
as functions of mean distance from the center of M4 . NBH' NRH and NRG are the numbers of stars in the 
BHB, RHB and RGB, respectively, and NVA is the number of RR Lyraes given in table 6. N = N + N + HB BH RH 
NvA· The integrated colors are from all member stars in each zone. Error bars are due to the 
uncertainty in the estimated number of field stars in each zone. 
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FIG. 10. - The surface star density and surface luminosity 
distributions. The line marked with KHW is the surface star 
density distribution by King et al. who used 60 sec B-plates 
for star counts, and the lines marked with RGB, HB and 
(RGB + HB + AGB) are the present results obtained from table 6. 
For a comparison the surface luminosity (in V) distribution, 
log fL 
V 
(dashed line) for all measured member stars in M4 is 
plotted f and fL 
V 
taking an arbitrary zero point. are 
respectively the number of stars and luminosity in V per square 
minute, and r is the effective radius (see text for definition) . 
e 
Error bars are due to the uncertainty in the estimated number 
of field stars. 
e 
n ). 
2·4 
1·6 
0 ·8 
0-0 
0·8 
\ 
\ 
\ 
\.. ~~Logtv 
', 
' 
1·6 L-----'-----'------'----.--J.----L------
-0·4 O·O 0·4 
Logie 
0-8 1·2 
]4 5 
146 
s ignificance for six degrees of freedom and those of HB stars are somewhat 
s ignificant at a 5% level as shown in figure 9. When the best x2 -fit 
density of all cluster stars is applied to the surface density of each 
branch stars in table 6, no radial variations of branch stars are found over 
t he whole cluster region. For instance the levels of significance for RR 
Lyrae and HB stars are respectively 41% and 57% for six degrees of freedom. 
Therefore it can be said that RR Lyrae stars in M4 are more concentrated in 
t he core part compared with the RGB stars but their radial variations over 
t he cluster region are not statistically significant at all. 
It is noted that one-third of the total RR Lyrae variables are in 
t he core of M4 and this fact is somewhat in contrast to the general trend 
shown in the study of RR Lyrae stars in four globular clusters by Oort and 
van Herk (1959) and in NGC 3201 (Lee 1976b). It seems that the radial varia-
tions of HB stars relative to the RGB stars, particularly the concentration 
of RR Lyrae stars in the core of M4 may suggest no establishment of dynamical 
relaxation of the cluster although the relaxation time, 1.2 x 10 8 years 
(Peterson and King 1975) is similar to the evolutionary time of HB stars. 
In figure 10 the surface density distributions of bright stars 
(V < 14~6) in M4 are shown to be in accordance with that (the line marked 
as "K.HW" in figure 10) given by King et al. (1968). For a comparison the 
surface visual luminosity distribution (dashed line), log fL for all the 
V 
measured member stars in M4 is plotted in figure 10 taking an arbitrary 
zero point in luminosity. This agrees well with the surface density dis-
tribution of all cluster stars (RGB + HB + AGB) particularly in the inner 
region (AGB stands for asymptotic giant branch). 
The integrated color, (B-V) for all the measured member stars in M4 
is plotted against the mean distance of each zone in figure 9. The 
blue color, (B-V) = 0.85 for stars in zone 3 is due to the maximum concen-
tration of BHB stars and the smaller number of bright RGB stars. The color, 
(B-V) = 1.0 of the central part, zone 7, is due to the greater concentration 
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of HB stars (maximum concentration of RR Lyraes). Generally it can be con-
cluded that the inner part (r < 5') of M4 is r e dder than the outer part, 
and the core part is rather bluer than the neighboring region, zone 6 at 
least for stars brighter than V - 15. The total integrated color for the 
measured member stars in M4 is (B-V) =1.13 + 0.02 (without reddening corr-
e ction), which is redder than the integrated color, (B-V) = 1.04 given by 
Harris and van den Bergh (1974). 
6. THE LUMINOSITY FUNCTION 
The structure of each branch of M4 is examined for all cluster stars 
b righter than V = 14~6 which is the limit of complete measurement. All the 
l uminosity functions are plotted at O~l intervals in figure 11. 
6 .1 Red giant branch 
The upper part of the RGB in figure 5 is much more sparsely populated 
t han the lower part; in figures 4(b) and 5 there are only 14 stars with 
m V < 11.5, though most of them seem more likely to be cluster stars than 
f ield stars. Half of these stars were observed photoelectrically, and con-
s equently the apparent color spread of these bright red RGB stars in color 
i s real. A similar color spread is also seen in NGC 3201 (Lee 1976b). 
Two clumps of RGB stars appear just below the HB level and at 
V = -14~5, and two gaps just below these clumps in figures 5 and 11. The 
f irst less distinct gap appearing at the HB level and the clump following 
t his are also seen in an extremely metal rich globular cluster, 47 Tue 
(Lee 1976a). A high peak of the luminosity function fo~ R6B stars in M4 
appears at -lm below the HB level, whereas it appears at -0~5 below the HB 
level in 47 Tue. According to model calculations (Rood 1972) the distinct 
clump on the RGB appearing below the HB level is a characteristic of metal 
rich globular clusters. The gap appearing at -lm above the HB level in 
Ml5 (Sandage et al. 1968) is not much clearer in M4 because of small nwnbers 
1 _O_ 
FIG. 11. - The luminosity functions for the various branches. The dashed 
histograms are the theoretical luminosity function for RGB stars with the 
given input data by Rood and the observed luminosity function for RHB stars 
in figure (b). The shaded area represents the number of RR Lyrae variables 
using their observed colors after the reddening (EB-V = 0.40) correction. 
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of RGB stars in this region in figure 5 . The x2-test (Hawarden 1971) shows 
only a 7% level of significance for this gap. 
Because of the high peak appearing at -lm below the HB level, Rood's 
(1972) model (M -3 = 0.8 M, X = 0.8, Z = 10 ) with low helium abundance was 
0 
adopted for the comparison with the observed luminosity function for M4 . 
It agrees roughly with the observed one except for clear discrepancies near 
the observed clumps. As shown by the above model for RGB stars the slightly 
lower helium abundance in M4 compared to those in 47 Tue and NGC 3201 (Lee 
1976) is also suggested by the R-method (see the last section). 
6 .2 Horizontal and asymptotic giant branches 
The HB of M4 is nearly evenly distributed on both sides of the RR 
m Lyrae strip and has a deep magnitude spread , ~V - 0.5 . Its intrinsic spread 
m is ~V = 0.13 from the standard deviations of individual HB stars from the 
mean magnitude, V = 13~35 and the total photographic photometric error, 
m £V = 0.027. The large intrinsic magnitude width may suggest an appreciable 
total mass spread of HB stars and/or core mass spread (Iben and Faulkner 
1968 ; Newell 1970a,b; Rood 1973; Gross 1973) as well as differential absorp-
tion. Allowing for the above intrinsic magnitude width, the mean magnitude 
of the HB is adopted as V = 13~35 + 0.13 which is O~l brighter than that 
estimated in the C-M diagram given by Moshkaliov (1974). The RR Lyrae 
gap is sharply defined at (B-V) = 0 . 58 and 0 . 86 as seen in figures 5 and 
11 . The intrinsic colors of the edges are (B-V) = 0.18 and o.46 for the 
0 
adopted reddening , E = 0.40, and this color width is 0~03 greater than B-V 
in M3 (Sandage 1970). The ratio of the number of BHB, RR Lyrae and red 
horizontal branch (RHB) stars in M4 is (N ·N : NRH) = 52 : 38 : 63 over BH 0 VA 
the whole measured region , and (N8H : NVA: NRH) = 13 : 12 : 15 in the core 
region , zone 7. 
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At the red end of the RHB there is a continuous sequence of HB stars 
evolving towards the AGB (see fig . 5). In the luminosity function, (fig. 11) 
m 
the stars up to -1 above the HB (up to the end of core helium burning) were 
counted in the HB as with 47 Tue and NGC 3201 (Lee 1976 ). The starting 
magnitude of the AGB was adopted as V = 12~55 and there are few stars in 
this lower part of the AGB . At -1~5 above the HB level there appears a 
distinct clump where the AGB begins to contact the RGB. Although there are 
some uncertainties in the photographic magnitutudes and colors of a few 
stars because of close companions, this clump is real. All the globular 
c lusters which have clear AGB in their C-M diagrams reveal this clump at 
- 1~5 above the HB level. There may exist a few AGB stars above this clump, 
however all the stars brighter than V = 11~3 were counted in the luminosity 
f unction for RGB stars because of the difficulty in separation of two 
b ranches. 
6 .3 The ratio of branch star members 
The helium abundance in M4 can be estimated from the R-method (Iben 
1968; Demarque et al. 1972) from the ratio of HB star number to RGB star 
,-d"15 
m ~ 
number which is counted down to V = 13.59 (~ below the HB to allow for 
t he bolometric correction for RGB stars at the HB level). The ratio obtained 
is R = NHB/NRG = 1.28 ~ .05, which yields respectively Y = 0.21 + 0.02 and 
0.32 + 0.02 according as to whether or not semiconvection is included in HB 
mode l calculations. The error limits are from the uncertainty in the 
estimated number of field stars in M4 . As shown in table 7 the estimated 
helium abundances in M4 are not much different from those in other clusters 
and again support the similar initial helium abundance in globular clusters 
as discussed earlier (Lee 1976b). 
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TABLE 7 
ESTIMATES OF Y-ABUNDANCE FROM THE R-METHOD 
With y 
Cluster Counted semi-
regions convection 
47 Tue (Lee, 1976a) 6' < r < 29' 0.29 
M4 (Lee, present) O' < r < 14.1 0.21 
I 
NGC 3201 (Lee, 1976b) 0' < r < 5.8 0.25 
seven metal poor 
globular clusters 
(Iben et al. 
1969) 
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Without 
semi-
convection 
0.39 
0.32 
0.36 
0.28-
0.32 
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CHAPTER 6 
THE C-M DIAGRAM OF THE GLOBULAR CLUSTER, M55 
See-Woo Lee 
SUMMARY 
Two-color (BV) photographic photometry of 510 stars brighter than 
V = -15~5 within 7.5 arcmin of the center of the globular cluster M55 
is presented. The general shape of the well defined C-M diagram is 
characteristic of metal poor globular clusters, and confirms the early 
spectroscopic observations. A clump along the giant branch appears near 
the horizontal branch level, and along the blue horizontal branch there 
appear a clump and a gap. The reddening from field stars is 
E = 0.08 + 0.02, and the true distance modulus (m-M) = 13~81 + 0~10 B-V o 
if m MV = +0.3 
is V = 14~35 
is adopted for the horizontal branch whose visual magnitude 
+ 0.15. The derived metal abundance indicators are 
!:N = 3~0 ±" 0.1, (B-V) = 0.80 + .01, [Fe/H ] d = -2.5, C(U-B) = 0.29. 
o,g Hya es 
Six Sawyer-Hogg RR Lyrae variables are confirmed, and one new and five 
suspected variables are described. 
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1. INTRODUCTIO. 
The globular cluster NGC 6809 = M55 (a 5 0 = 19h 36~9, 650 = -31° 03', 
t = 359°, b = -24°) is a metal poor, halo cluster with integrated spectral 
type F5 (Kinman 1959), individual spectral type B (Kinman 1959), Morgan 
type III (Morgan 1959) and G-band index y = 3.31 (Gascoigne and Koehler 
1963). The open nature of the cluster (concentration class XI) allowed 
photographic photometry over the whole cluster region, and stars in the 
outer part (3' < r < 7.5) were measured on ten (scale 26"/mm) plates and 
in the central part (r < 3') on four (scale 11~3/rnm) plates. We use the 
results to discuss the C-M diagram, reddening and metal abundance 
indicators . 
2 . OBSERVATIONS 
2.1 Photoelectric photometry 
A photoelectric sequence of 19 stars near the cluster, M55 (fig. 1) 
was set up using E region (Cousins and Stoy 1962; Cousins 1971, 1972) 
photoelectric standards. With these stars 30 program stars (with under-
I 
lined numbers in figures 2-3) between 1.5 and 7.5 from the cluster center 
were also observed. These observations were made during the period of 
1973 and 1974 mostly with a single channel photometer at the 60-cm 
reflector, though a few faint stars, V > 14~8 were observed with a Johnson 
two-channel photometer at the 100-cm reflector. 
The same combination of photometer and telescope and the same 
reduction technique were employed as with 47 Tue (Lee 1976a). The results 
are given in table 1, and the mean standard deviations of single measure-
ments with the 60-crn observation are less than 0~02 in V and (B-V) and 
less than 0~03 in (U-B). 
FIG. 1. - Finding chart (reproduction of 18 min exposure 
B-plate) for the photoelectric measurements of the secondary 
standard stars. 
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FIG. 2. - A finding chart (re9 roduction of 18 min exposure B-
plate) for the photographic measurements of stars in the outer 
region of M55. The cluster is divided into three zones a t 
intervals of 1.5 arcmin and four quadrants. The underlined 
number is for pe stars and "V" denotes a variable star. The 
first digit of star numbers given in tables 1 and 2 represents 
the quadrant number and the second digit the zone number and 
the last two digits the number shown in this figure. 
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FIG. 3. - A finding chart (reproduction of 40 min exposure V-
plate) for the photographic measurements of stars in the inner 
region of MSS. The inner region is divided into two zones at 
intervals of 1.5 arcrnin and into four quadrants. Others are 
the same as in figure 2 . 
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TABLE l 
PHOTOELECTRIC STARS 
PhotoeZeatria Photographia 
Star V 8-V U-8 n* V B-V Remark* 
The Secondary Standards 
1 9.32 1.16 .99 7 9.31 1.16 F 
2 10.53 .64 .10 5 10.53 .64 F 
3 9.72 1. 47 1. 55 6 9. 71 1.46 F 
4 10.83 .53 .04 2 10.83 .53 F 
5 11. 54 1.12 .98 2 11. 52 1.13 F 
6 11. 47 . 71 .22 4 11. 48 .73 F 
7 10.85 .91 .64 3 10.84 .94 F 
8 11. 27 1.11 .91 3 11. 29 1.10 F 
9 11. 81 1.28 1. 36 3 11.84 l. 28 F 
10 13.40 .88 .45 2 13.41 .88 M 
11 14.59 .86 .18 1 14.58 .85 M 
12 14.78 .15 .18 2 14.77 .15 M 
13 10.87 1.63 1. 55 4 10.89 1.62 M? 
14 10. 32 .54 -.01 2 10.31 .54 F 
15 11. 36 .76 .30 4 11. 37 .75 F 
16 10.84 .54 .05 1 10.81 .55 F 
17 11. 93 1.38 
18 10.66 .52 .06 1 10.70 .50 F 
19 11. 31 .96 F 
20 10.02 1.43 1.64 1 F 
21 11. 34 .63 .10 1 F 
Program Stars in M55 
1102 13. 71 .97 .32 2 13. 71 .98 M 
1210 13. 58 .73 .22 1 13.58 .74 M? 
1317 11.92 1.24 .94 2 11. 91 1. 25 M 
1401 12.01 1. 25 .90 2 11.99 1. 25 M 
2102 15.14 .80 .08 1 15.14 .82 M 
2105 15.65 .59 .07 1 15.65 . 57 F 
2106 15.21: .66 .12 1 15.36 .63 F 
2110 14.17 .77 . 56 2 14.14 .79 F 
2219 14.97 .04 .16 l 14. 96 .06 M 
2322 11. 78 1.15 .94 2 11.81 1.17 F 
2420 12.50 1.14 .82 3 12.48 1.16 M 
2437 11. 77 1.29 .94 1 11. 75 1. 31 M 
2441 11. 75 1. 34 1.14 3 11. 72 1. 33 M 
3202 13. 70 .82 .25 2 13. 71 .80 M 
3213 12. 72 1.09 .64 2 12.75 1.08 M 
3304 13.49 .94 .33 3 13.49 .96 M 
3314 12. 77 1.08 .66 2 12.77 1.07 M 
3331 11.96 1. 26 1.00 2 11.94 1.26 M 
4101 12.31 1.18 .83 4 12.32 1.15 M 
4103 14.00 .91 .30 2 13.99 .91 M 
4105 14.17 .59 .09 3 14.18 .65 V? 
4107 13.18 .97 .38 1 13.20 .95 M 
4201 12. 56 1.10 .65 3 12.55 1.15 M 
4204 13. 43 .88 .37 3 13. 44 .86 M 
4209 10.90 1.23 1.11 3 10.84 1.25 F 
4319 12.49 1.12 .67 2 12.48 1.10 M 
4323 12.96 1.03 .57 2 12.93 1.04 M 
4406 11.63 1. 35 1.09 1 11. 54 1.42 M 
4422 12.37 1.14 .71 2 12.33 1.16 M 
4505 11. 39 1. 37 .98 1 11. 27 1. 51 M 
n number of nights; f = field star M member star 
V variable star (whose following number in table 2 is 
Sawyer-Hogg's catalogue number) 
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2.2 Photograph~c photometry 
Cluster stars within 7.5 from the cluste r center were measured on 
two series of plates exposed at the f/8 (26"/rran) and f/18 (11'.'3/mm) 
foci of the 100-cm reflector, using the Sartorius iris photometer. The 
combinations of plate and filter were the same as with 47 Tue (Lee 1976a) 
and hence the same reduction technique was employed. 
The cluster region (r = O' - 7.5) was divided into four quadrants 
and five zones at intervals of 1.5. (The first and second digits of 
star numbers in tables 1 and 2 are the quadrant and zone numbers, 
respectively, and the next two digits are the numbers shown in finding 
charts, figs. 2 and 3.) Stars in the outer zones, 1-3 (fig. 2) were 
measured on each of five V- and B-plates (f/8 focus and -15 min exposure) 
using the pe stars in table 1. Stars in the inner zones, 4-5 were 
measured on each of two v- and B-plates (f/18 focus and 40 min exposure) 
using the pe stars in zones 3-4 and 40 pg stars in zone 3 which were 
measured on the f/8 plates. Although no apparent systematic differences 
were found in the magnitude transformations, a few faint blue pe stars 
in the present study might have caused some systematic errors in pg 
measures of faint blue BHB stars. The total mean errors (Lee 1976a) 
estimated from the actual calibration data are less than 0~03 in V and B 
for the outer part stars, and -0~03 in V and -0~05 in B for the inner 
part stars. The greater mean error in Bin the latter case is due to 
the slightly poor quality of one B plate. 
3. THE C-M DIAGRAM 
Two C-M diagrams for stars in M55 are plotted in figure 4 where 
ope n triangles denote RR Lyrae variables, and filled triangles pe stars 
in table 1. The superposition of these two diagrams is shown in figure 
5. The C-M diagram shows the well defined red giant branch (RGB), 
asymptotic giant branch (AGB) and blue horizontal branch (BHB ). 
Star 8-V Note 
11Dl 14 . 58 . 28 
11 0 1 14 . 61 . 88 
11 04 IS.17 . OJ 
1105 14 . 55 . 87 
1106 15 . 46 .oo 
110 7 15 . ll . 82 
1108 14.60 . 88 
1201 14.72 . 17 
1202 14 . 07 . 84 
120) 14 . 46 . 94 
1204 l ] . 55 . 77 
1205 14.80 . 86 
1206 14 . 58 . 21 
1207 14 . 71 .17 
1208 14 . S9 . 60 
1209 14. JS . 98 
1211 14 . 15 . 75 
1212 12 . 87 1.09 
121] 14 . 16 1.14 
1214 15 . 47 . 00 
1215 14 . 76 . 16 
1216 15 . 09 . 08 
1101 
ll02 
llOJ 
ll04 
1J05 
1)06 
ll07 
1)08 
ll09 
lllO 
1111 
1)12 
llll 
1 Jl4 
1115 
1116 
1)18 
1Jl9 
1120 
1)21 
1122 
ll2] 
1124 
1125 
14 . 99 . OJ 
ll.19 1.00 
14 . 49 .89 
14 . 70 . 17 
14 . 65 . 18 
14 . 94 . 84 
14 . SO . 87 
14.05 1 . 08 
1) . )7 1.01 
14 . 75 . 15 
14 . 98 . 8] 
15 . 08 . 06 
15 . 74 - . 05 
15. 16 . 02 
ll.22 . 94 
14 . 21 . 95 
14 . 91 . 08 
12 . 98 1.04 
14 . 74 . 15 
14.66 . 88 
14 . 42 .88 
15 . 12 . 10 
15 . 2] . 04 
15 , 59 - . 02 
1402 14 . 51 . ll 
140) 14 .61 . 84 
1404 1) .92 . 91 
14os 11.91 . as 
1406 11 . 06 . 95 
1407 ll . 7) . 92 
1408 14 . 77 . 17 
1409 14 . 64 . 17 
141 0 14 . 51 . 2] 
1411 14 . 55 . 88 
14 12 14.21 . 92 
141] 14 . 91 . 86 
1414 14 . 19 . 9S 
1415 14 . 05 .87 
1416 1) . 46 . 88 
1417 14 . )7 . 25 
1418 ll . 14 . 99 
1419 1 J . 99 . e s 
1420 11 . 84 . 95 : 
1421 14 . 65 . 18 
1422 14 . 67 . 18 
1421 14 . 72 . 18 
1424 ll . 26 . 75 
1425 14 . 19 . 91 
1426 14 . 46 . 25 
1427 15. 0 4 . 14 
14 28 14 . 41 • )4 
1429 14 . 95 . 12 
1410 14 . 69 .15 
14]1 11 . 20 . 99 
1501 12 . 81 
1502 14 . 85 
1501 14 . 44 
1504 1) . 99 
1505 14 .94 
1506 14 . 47 
1507 11 . 62 
1508 14.6] 
1509 14 . 55 
1510 14 . 64 
1511 14 . 42 
1512 12. 78 
lSl) 14 . 50 
1514 14 . 6] 
1515 14 . 79 
1516 14 . 74 
1517 ll . 61 
1518 11.84 
1519 l] . 04 
1520 14 . 40 
1521 14 . 56 
1522 14 . 08 
152) 11 . 19 
1524 14 . ll 
1.01 
... 
.,. 
. 92 
.. ,
• 21 
. '" 
• 79 
. 51 vs 
.. ,
. 21 
I.OJ 
. 22 
• 2) 
.. ,
.. ,
... 
l. 27 
. 91 
·" .., 
.. ,
... 
.. ,
PHOTOGRAPHIC MAQflnlDES AND COLORS or STARS rN MSS 
Star V 8-V Note 
1109 14 . 8) .86 
1110 1) . 27 . 98 
1111 15 . 47 -.04 
lll2 15 . 0) . 85 
llll 11 . 25 1.00 
1114 ll . 19 . 99 
1115 15 . 25 1 . 84 1 
1217 14 . 62 . 6) 
1218 14.58 . 21 
1219 15.29 1 . 99 1 
1220 15 . 21 . 84 
2201 14 . 40 . 90 
2202 15 . 21 .OJ 
220) 14 . 74 . 17 
2204 14 .90 . 81 
2205 15 . )2 . 81 
2206 14.11 . 92 1 
2207 15 . U .00 
2208 ll.81 . 91 
2209 15.11 .8] 
2210 14 . 28 . 59 
2211 15 . 05 . 8) 
1126 15 . 06 . 85 
1127 14 . 69 . 41 Y2 
ll28 15 . 14 . 26 
ll29 14 . 86 1.04 
1])0 15 . 20 . 84 
2101 ll.81 . 92 
2102 ll. 48 1.50 
2)0] 15 . 19 . 08 
2104 14 . 28 . 96 
2105 14 .65 . 88 
2106 11.28 . 87 
2)07 12 . 57 1.11 
2)08 14 . 70 . 17 
2109 11 . 59 . 96 
2)10 15 . 71 -.08 
2111 15 . 02 .84 
2112 14 . 46 1 .19 
2lll ll . OJ . 97 
2114 1) . 56 . 95 
2ll5 11 . 81 . 9) 
21 16 11 . 24 . 60 
2]17 15 . 09 . 82 
2]18 12 . 88 1.05 
2ll9 ll. 71 , 75 
1412 14. JO . 89 
101 14 . 82 . 8 ) 
104 14 .95 . 15 
105 12.8] . 99 
1416 14 . 94 .11 
14J7 14 . 88 . 81 
108 14 . 15 . 20 
1419 14 . 48 . 91 
1440 15 . 47 .05 
1441 15 . 15 . 04 
1442 14 . 04 .881 
2401 12.67 1.09 
2402 14 . 58 . 92 
240) 14.68 . 21 
2404 14 . 9) . 10 
2405 14 . 29 . 91 
2406 12 . 70 1.17 
2407 14 . JO , 91 
2408 14 . 08 . 89 
2409 14 . l1 , 89 
24 10 14 . 82 . 10 
2411 14 . 06 . 96 
2412 15 . 29 . 06 
2411 14 . 9) . 81 
2414 14 . 76 . 89 
2415 11 . 46 1.02 
2416 ll.64 . 84 
24 17 12 . 75 1. 0 7 
24 18 ll.95 . 91 
2419 12 . 19 1. 2 1 
2421 14 . 68 . 15 
152'!> 
1526 
1527 
1528 
1529 
1510 
15)1 
1512 
l5ll 
2501 
2502 
"'" 2504
2505 
"°" 2507 
250c) 
2'09 
2510 
2511 
2512 
2511 
2514 
2515 
2S16 
14.45 
14 . 40 
ll.94 
14. 18 
14 . 20 
14 . 25 
14 . ll 
14 . 41 
ll , 80 
14 . 15 
11 . 79 
14. 51 
ll.68 
14 . 69 
14 . 02 
14. '!>9 
14 . 18 
14 . 46 
ll.16 
14 . 64 
14 . 52 
14 . 02 
14 . 12 
14 .64 
14 . 62 
... 
.28 Y? 
. 91 
... 
. 90 
... 
... 
.14 
... 
... 
l.JO 
·" . ,.
. ,. 
. 90 
. 89 
... 
. 19 
1.01 
.19 
.87 
. 92 
... 
. BJ 
. ,. 
a-v Not• 
z.,,,. l 
2101 ll . 82 . 92 
210] 1) . 81 . 88 
2104 11 . 64 . 96 
2107 15 . 21 . 64 
2108 14 . 26 . )1 
2109 14 . 91 . 09 
llOl 14. ll . 64 
z.,.,. 2 
2212 14 . 25 . 90 
2211 15 . 59 . 01 
2214 lS . 09 . ll 
221S 11 . 12 . 90 
2216 14 . 79 . 14 
2217 14 . 15 . 90 
22u u . 20 . 81 
2220 1S . 08 . 67 
]201 15 . 51 : • . 01 1 
)201 14 . 91 . 86 
1204 14 . 24 . 58 
3205 14 . 89 . 8] 
1206 lS . 48 1 . 661 
1207 15 . 22 . 80 
1208 14 . 4) . 21 
z.,.,. J 
2120 lS . 01 
2121 14 . 27 
2)2] 14 . 96 1 
212 4 14.44 
2l2S 15 . 24 
2126 15.11 
2127 15.22 
2328 14 . 24 
2129 15 . 21 
2JJO 14 . 02 
2lll IS. IS 
llOl 14 . 97 
ll02 15 . 12 
llOJ 15.ll i 
ll05 14.66 
ll06 1 S . 16 
lJ07 14.6S 
llOB ll . 89 
JJ09 14 . SJ 
lllO 11 . 27 
llll IS . 52 
)]12 14 . S& 
)ll] 15 . 04 
]]15 14 . 68 
.o, 
... 
. 21 1 
.. ,
.o, 
. 04 
. 00 
. 90 
. 82 
... 
.o, 
. 02 
. 04 
. 811 
.91 
. OB 
.. ,
. 92 
·" 
. 99 
. 01 
.. ,
.BJ 
. 16 1 
2422 14 . 51 . 19 
2421 14 . 90 . 1) 
2424 14 . 97 . 85 
2425 14 . 82 .12 
2416 11 . )9 . 98 
2427 14 . 21 . 89 
2428 14 . 22 .l] 
2429 14 . 10 . 88 
200 ll . 64 . 77 
241 1 14 . '!>4 . 21 
24 12 ll . 84 . 94 
24ll 14 . 77 . 87 
2414 14 . 18 .89 
205 14 . 65 . 86 
2436 14 . 78 . 14 
208 14 . 69 .19 
209 14. 90 . 2) 
244 0 ll . 67 . 84 
2442 11 . 0 • 79 
1401 14 . 42 . 88 
1402 l l . Sl . 85 
140) 14 . 64 . 17 
1404 14 . 26 . 89 
1405 ll . 19 . 99 
1406 ll . 12 .88 
1407 14 . 49 . 14 
1408 11 . 79 . 75 
)409 12 . 90 1.04 
)410 14. 70 . 85 
1411 14 . 67 . 17 
1412 15 . 09 . 07 
Zo,i• 5 
2517 11 . 12 . 9) 
2518 14 . 00 . 68 
2519 14. 57 . 85 
2S20 14 . 79 • 81 
2521 12 . 76 . 98 
2522 14 . 64 . 19 
2521 ll . 12 • 90 
2524 14 . 69 .85 
2525 14 . 7'; . 90 
2526 ll . 98 . S7 
2527 14 . 1 7 . 92 
2S28 15 . 24 . 09 
JSOl 14 . 16 1.20 
)501 14 .61 . 18 
1504 12 . 60 . 94 
1505 14. 86 • 78 
JS06 14 . SJ . 21 
lS07 14 . 51 . 21 
1508 14 . 95 .10 
)509 12 . 40 1 . 11 
1510 11.58 . 84 
)Sil ll . 76 . 89 
1512 11 . 72 1 . 19 
151) 14 . 62 . 15 
J!,, 14 14. 60 . 19 
Star a-v Note 
ll02 1) . 80 .92 
JlOJ 14 . 10 . 90 
ll04 15 . 50 . 69 
1105 15 . 07 . 8) 
ll06 14 . 55 . 12 
1107 14 . 27 . 65 
l108 14 . 61 . 61 
4102 ll . 10 . 94 
1209 15 . 4 11 . 62 1 
1210 15 . 12 . 81 
1211 14.28 . 89 
1212 14 . 65 . 86 
1214 14 . 78 .12 
1215 14 . 2S . 89 
1216 14 . 91 .84 
1217 14 . 54 . 20 
1218 14.17 . 11 
1219 14.85 .41 
1220 15 . 41 . OS 
)221 15.l7 1 . 64 1 
1222 14.94 .82 
4202 14 . 19 . 81 
4201 14 . 69 . 19 V1 
lJ16 14 . 62 . 86 
lll7 14 . 08 1 . 17 1 
JJ18 14 . ll . 88 1 
))19 14.19 . 90 
JJ20 15.14 .81 
Jl21 lJ.ll . 98 
1122 14 . 0 4 .91 
JJ2J 15 . 06 . 86 
ll24 14.80 . 7l 
ll25 14 . 46 . 24 
1126 14.24 .91 
))27 ll . 81 . 91 
]]28 ll . 14 1.01 
)]29 14 . 70 .19 
)])0 ll . 27 .90 
lll2 14 . 81 . 72 
]))) 14 . 76 .12 
llJ4 1) . 82 . 92 
lll5 lJ . 19 . 72 
Jll6 14.21 . 65 
)))7 14 . 77 . 16 
lll8 ll. 72 . 94 
])]9 14 . 94 . 10 
41 01 14 .60 . 21 
141] 14 .!>8 . 19 
1414 14 . 98 . 86 
1415 14 . 67 . 16 
1416 14 . 86 . 86 
1417 14 . 63 . 16 
1418 14 . 69 .15 
1419 ll . 61 . 96 
1420 11.00 . 98 
1421 ll . 76 . 7J 
1422 11 . 83 , 92 
1421 14 . 90 .12 
3424 14 . 44 . 4 5 V4 
1425 14 .75 .11 
1426 14. 7J . 86 
1427 14. 09 • 70 
1428 14 . 17 . 89 
1429 14 .19 . 90 
100 14 . 50 • 10 Y1 
14)1 14 . 12 . 91 
1412 15 . 08 . 84 
lOJ ll . 7S . 78 
104 14.98 . 10 
1415 11 . J] . 9) 
)06 14 . 7 1 . 15 
]4)7 14 . 7J . 87 
1418 11 . 57 . 97 
1419 14 . 16 . 89 
1440 14 . 15 . 27 
3441 14 . ll . 89 
4401 14 . 88 . 07 
4401 14 .69 . 18 
1515 14 . 54 . 20 
]516 ll. 54 . 94 
1517 14 . 66 . 17 
JS18 15 . 01 .04 
lS19 11 . 87 . 92 
)520 14 . 61 . 17 
1521 14 . 21 . 89 
1522 14 . 8 4 . 11 
1521 14 . 44 . 88 
1524 14 . 21 l.ll 
H25 14 . 46 . 18 
1526 12 . 89 . 97 
1527 12 . 02 1.15 
)528 14 . 54 • 28 V6 
]529 14 . 82 .84 
1510 14 . 70 . 87 
l5ll 14 .67 . 81 
1Sl2 14 . S6 . 19 
JSJJ 14 . 07 . 71 
1514 15 . 01 .10 
lSJS 14 . 12 . 91 
1516 14 .97 . 1) 
15)7 14 . 67 . 20 
4501 ll . 48 . 9S 
4501 14 . 61 . 1 J 
Star a-v Note 
4104 14 . 7) . 18 
4106 lS . 12 . 05 
4108 14 . 55 . 18 
4109 14 . 21 .90 
4110 14 . 99 . 68 
4111 15 . 15 . 74 
4112 14 . 15 . S9 
411) 14 . 45 . 87 
4205 14 .00 . 40 VJ 
4206 14 . 63 .91 
4207 14 . 88 . 10 
4208 14 . 80 . 10 
4210 14 . 70 . 18 
4111 14.68 . 95 
4212 14.71 . 20 
421) ll . 56 . 94 
4214 15 . 16 ,82 
4215 14.40 . 24 
4216 14 . 8S . 11 
4217 14 . 04 . 61 
4220 14 . 44 . Sl Y 
4 221 14 . 94 .84 
4222 14 . 75 1.22 
002 
410] 
4104 
4105 
006 
4107 
4108 
009 
4 ll0 
4111 
4)1 2 
411) 
4114 
4ll5 
4116 
4117 
4)18 
4120 
4121 
4122 
4 ]24 
4125 
4126 
4127 
15 . 19 . 12 
14 . 9S .12 
15 . 54 .02 
14 . 85 . 84 
14 . 12 1 .28 1 
11 . 08 1.01 
14.87 . ll 
14 . Sl . 21 
ll.91 . 9) 
14 . 51 . 2] 
14 . 44 . 90 
14 . 95 .10 
11 . 22 . 71 
14 . 56 . 17 
14 . 62 . 14 
ll . 48 · . 81 
14 . 5] . 18 
14 . 14 
·" 
.oo 15.25 
14 . 47 
14 . 84 
14 . 45 
• J1 Yl 
. 14 
. 17 
ll . 64 . 95 
14 . 80 . 85 
440] 12 . 71 1.01 
4404 ll. 21 1.05 
4405 14 . 67 . ll 
4407 14 . 86 . as 
4408 14 . 21 . 88 
4409 14. 75 . 14 
4410 15 . 07 .07 
4411 14 . )4 . 89 
44 12 14 . 1l . 91 
441 ) 14 . 06 . 91 
4414 14 . Sl • 71 
4415 14 . 15 . 92 
4416 lS . 06 . 09 
44 17 14 . 49 . 89 
4418 14 . 0 . 12 
4419 ll . 76 . 94 
4420 15 . ll . 09 
4421 14 . ss . as 
4421 15 . 2) . 12 
4424 ll . 61 1 . 22 
4426 11 . 28 1.00 
4427 14 . 9] . ll 
44 28 14 . 46 . 87 
4429 14. 88 . 12 
4410 14 . 64 . 19 
441 1 ll . )8 . 98 
4411 14 . 66 . 20 
44)] ll . 77 • 70 
4414 14 . 84 . 12 
4415 14 . 49 . 87 
443.; 14 . 61 . 19 
4501 1) . 21 . 86 
4504 14 . 72 .ll 
4506 14 . ]6 . S6 
4507 14.ll . 91 
4508 14 . 66 . 07 
4509 ll.4] . 97 
4510 14 . 84 . 11 
4Sll 14 . 90 . 78 
4Sl2 14 . 45 . 21 
451l 14 . 21 • JO 
4Sl4 14 . 22 . 26 
4515 14.25 .79 
4516 14 . 68 . 84 
4517 1) . 9) . 91 
4518 14.61 .19 
4519 14 . 20 . 8l 
4520 14 .27 .so 
4521 14. 18 . 88 
4522 12.65 1.08 
452] 12 . 58 .99 
4524 14 . )6 .90 
4525 14 . U 1.01 
45 26 14 . 48 . 22 
4527 14 . 79 . 76 
4528 14 . 41 .87 
159 
FIG. 4 . - The C-M diagrams of M55: (a) for stars in zones 1-3 , and 
(b) for stars in zones 4- 5 . Open triangles denote RR Lyrae variables , and 
filled triangles pe stars in table 1 . In figure 4(a) all measured pe stars 
are plotted , and in figure 4(b) pe stars in zones 4- 5 are plotted. 
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FIG . 5 . - The C- M diagram of M55 . All measured stars in zones 1-5 are 
plotted including RR Lyrae variables (open triangles) and pe stars (filled 
triangles). 
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The red horizontal branch (RHB) is not well defined compared with 
other branches. 17 stars fainter than V = 14 . 9 are seen in the 
region of the RHB in figure 5. Most of these stars may be RHB 
stars when we take into account the greater number (32) of field 
stars (V < 15 and O' < r < 7.5) estimated in the C-M diagram 
(fig. 5) than those (20) which would be expected in a general 
region of galactic latitude, b = -24° (Allen 1973). The general 
shape of the C-M diagram of M55 is characteristic of metal poor 
globular clusters (table 3). The luminosity functions for RGB, 
AGB and HB (horizontal branch) stars are plotted at O~l interval 
in figure 6. Figure 6d is the luminosity function for BHB stars 
which is plotted against observed color (B-V). 
3.1 Red Giant Branch 
Along the RGB there appears a clear clump near the HB level, 
similar to that shown in the accurate C-M diagram of Ml5 - Sandage 
et al. (1968). Two gaps around this clump correspond to V = 14.0 
and 14.5 in figure 6a. When we use the cumulative luminosity 
function for RGB stars for the x2 -test (Lee 1976b; Hawarden 1971), 
the former gap is statistically significant at a 0.01% level, and 
the latter at a 2% level. The less significance of the latter gap 
compared with the former might be due to the incomplete measurements 
of the inner zone stars fainter than V > 15. The gap which appears 
m 
-1 above the HB level in Ml5 is also seen in M55 but it is less 
distinct in the latter cluster. m m Two other gaps, at -1.5 and -2 
above the HB level, appear in both Ml5 and M55 although statistically 
they are not very significant in the latter cluster because of the 
small number of RGB stars in these regions. The former gap is seen 
in many C-M diagrams of globular clusters regardless of their metal 
abundance (Lee 1976a), and its position corresponds to that where 
163 
Concen-
Cluster tration Kinman 
class 
Ml5 
(Sandage et al. 
1968) 
IV F3 
M2 
(Arp 1955, 1959) II F3 
NGC 6752 
(Cannon & Stobie VI F6 
1973) 
M55 
(Lee, present) XI F5 
Ml2 
(Racine 1971) IX F6 
TABLE 3 
SOME CHARACTERISTICS OF HALO GLOBULAR CLUSTERS 
Deutsch/ Morgan ly E IW Kinman B-V 
I C 3.33 0.12 3.06 
II B 3.36 0.05 3.0 
- B 3.31 0.04 2.8 
III B 3.31 0.08 3.0 
- A 
- 0.17 2.8 
1 = G-band index (Gascoigne and Koehler 1963) 
2 = Dickens (1972) 
(B-V) O(U-B) 
o,g 
0.68 0.28 
0.76 0.28 
0.76 0.21 
0.80 0.29 
0.83 
2 HB 
type 
3 
2 
l 
2 
..... 
(1\ 
A 
FIG. 6. - The luminosity functions for each branch star in M55. Figures (a), (b) and 
(c) are for RGB, HB(BHB + RHB) and AGB stars, respectively. In figure (b) the dashed 
histogram is only for RHB stars. The luminosity function at 0~02 intervals for BHB stars 
is plotted against observed color in figure (d). 
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the AGB and RGB begin to merge. In general the structure of the 
RGB in M55 is very similar to that in Ml5 except that there are 
fewer RGB stars in M55. 
3.2 Horizontal and Asymptotic Giant Branches 
When the red end of the BHB is taken as (B-V) = 0.25 its 
reddening corrected color, (B-V) = 0.17 is the same as that for 
0 
the unreddened cluster M3 (Sandage 1970). The visual magnitude 
m 
of the HB is taken as l-1y = 14.35 + 0.10. In the instability strip 
six RR Lyrae variables listed in Sawyer-Hogg's (1972) catalogue 
appear, and one new (4220) and five suspected variables are 
listed in tables 1 and 2. 
An interesting feature of the BHB in M55 is a clump at the 
red side of the BHB with a gap on its blue side (fig. 5). In 
figure 6b this clump is seen between V = 14.5 and 14.8 and in 
figure 6d between B-V = 0.14 and 0.2. The x2 -test using the 
cumulative luminosity function for BHB stars shows that the 
clump is real at a 0.015% level of significance in magnitude 
distribution and at a 0.05% level in color distribution. A gap 
defined at V = 14.8 and (B-V) = 0.14 in figure 5 reveals some 
statistical significance in magnitude at a 2% level but not in 
color (12 % level). This unclear color boundary of the gap could 
be improved by the use of many blue pe stars and the more accurate 
photographic photometry of the inner stars. 
This gap is also seen in other globular clusters such as 
NGC 3201 (Lee 1976b), Ml2 (Racine 1971), Ml3 (Arp and Johnson 1955; 
Kadla 1968), MS (Arp 1962), M22 (Arp and Melbourne 1959; Lee 1976c) 
and NGC 6397 (Woolley et al. 1961). The gap in M55 is different 
from that defined by the boundary between Newell's (1973) group A 
(evolving toward the AGB) and group BC (evolving directly blueward, 
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missing the AGB) of BHB stars as pointed out by the latter author. 
In M55 the effective temperature of this gap is around log T = 3.93 
e 
equivalent to (B-V) = 0.05 after reddening correction, E = 0.08 
o B-V 
and applying Newell's (1970) empirical color-effective temperature 
relation for BHB stars. The effective temperature of the gap between 
Newell's A and BC groups is log T = 4.1. In Newell's (1973) figure 
e 
10 log T = 3.93 corresponds to the second redward turning point in 
e 
the 0.6 M track where Demarque and Mengel's (1972) HB model 
0 
(M = 0.6 M, X = 0.75, Z = 10-3 ) with semiconvection was used. 
0 
The AGB is well separated from the RGB and begins to contact 
m 
the RGB at V = _12.8. Some or all four stars apart from the AGB 
at V = 13~2 are likely to be cluster members evolving to or off 
the AGB (Zinn et al. 1972). The luminosity function for AGB stars 
is shown in figure 6d and it is very similar to that for AGB stars 
in Ml5 (Castellani and D'Antona 1972). 
4. THE SPATIAL DISTRIBUTION OF STARS 
The accurate spatial distribution of stars on the various 
branches cannot be discussed here because of the incompleteness of 
m 
measurements down to V = _15 for the inner zone stars. However 
the measurements of AGB and RHB stars should be completed . The 
distribution of AGB stars shows some concentration in the inner 
region (r < 3') i.e. 32 of total 49 AGB stars, but their radial 
variations relative to the distribution of RGB stars (V < 14.5) 
are negligible at an 8% level of significance for four degrees of 
freedom (Lee 1976b). If relatively great errors (0~05 in V- and 
B-photographic magnitudes)of the inner zone stars increased the 
total number of AGB stars in the inner zones, the decrease of the 
number of AGB stars in the inner region will show mere similarity 
of the distributions of AGB and RGB stars. BHB stars are certainly 
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less concentrated in the outer part (4.5 < r < 7.5) i.e. 37 of 
total measured 183 BHB stars but the real central concentration 
of BHB stars relative to RGB stars must be checked by the further 
accurate photometry of faint stars. 
On the basis of the present counting which should be more 
than 80 % complete down to V _ 15, the number ratio of BHB, RR 
Lyrae and RHB stars is (NBH 17. The 
Y-abundance derived from the R-met~od using figure 1 given by 
Demarque et al. (1972) (after the bolometric correction of 0~15 
was applied to the RGB stars at the HB level) is Y = 0.35 for 
R = 1.4 if semiconvection is not included, and Y = 0.25 if it is. 
This helium abundance will not be changed appreciably by making 
the counting complete. The value, Y = 0.35 is consistent with 
those obtained in NGC 3201 (Y = 0.35) (Lee 1976b) and M4 (Y = 
0.32) (Lee 1976) in which complete countings were made over the 
whole cluster regions. 
5. THE TWO-COLOR DIAGR.l\M AND METAL ABUNDANCE PARAMETERS 
All photoelectric stars in table 1 are plotted in figure 7 
where open circles denote the secondary standards and open triangles 
the field stars in the cluster. The estimated reddening from all 
field stars is E V = 0.08 + 0.02, and the dashed line in figure 7 B-
is the standard relation for Population I stars shifted along the 
reddening slope, EU-B/EB-V = 0.72 using EB-V = 0.08. This 
reddening value is the same as that given by Burstein and McDonald 
(1975), and is the mean of 0.07 (Kron and Mayall 1960) and 0.09 
(van den Bergh 1967) obtained from the integrated colors of the 
cluster . From the adopted reddening E = 0.08 and the visual 
B-V 
m 
magnitude of the HB, ~ ~ 14.35 ~ 0.10, the true distance modulus 
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m m 
of M55 is (M-M) = 13.81 + 0.10 (r = 5.78 + 0.25 kpc from the Sun) 0 
m 
with l-\, = +0.3 (Egge n 1972). 
The ultraviole t excess of cluster giants is o (U-B) = 0.29 
at (B-V) = 1.0 which yie lds [Fe/H] d = -2.5 (Wallerstein and 
o Hya es 
Helfer 1966), and the magnitude difference betwee n the HB level 
and the RGB at (B-V) = 1.4 is !:::.V = 3~0 + 0.1. The reddening-free 
0 
color of the RGB read at the HB level is (B-V) = 0.80 + 0.01. 
o,g 
All these parameters togethe r with other parameters are comp ared 
with other clusters in table 3. The tabulated parameters sugge st 
that M55 is a moderately me tal poor cluster like Ml2 (Racine 1971), 
and M2 (Arp 1955), and in Hartwick's (1968) two-dimensional 
classification it belongs to the intermediate metal abundance 
group which includes all clusters with anomalous C-M diagrams. 
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CHAPTER 7 
w CENTAURI AND NGC 6752 
The present photometric observations of w Centauri are not yet 
completely finished. Also the study of NGC 6752 was carried out in co-
operation with Cannon and the r e fore two clusters are discussed here only 
briefly. We include an account of a short period cepheid variable found 
in NGC 6752. 
1. w CENTAURI 
The globular cluster w Cen = NGC 5139 (a 50 = 13h23~8, 650 = -47°03, 
t = 309°, b = +15°, is the richest and largest of the nearby clusters. 
The integrated spectral type, F7 (Kinman 1959) and Morgan type II 
(Morgan 1959), the individual spectral type of giant stars, B (Kinman 
1959) and the G-band index y = 3.33 (Gascoigne and Koehler 1963) indicate 
that w Cen is a metal poor cluster. 
The first extensive photographic photometry and astrometric study 
of this cluster was made at the Royal Greenwich Observatory in 1966, and 
the results were discussed by Dickens and Woolley (1967). The notable 
feature of their C-M diagram was the broad red giant branch (RGB) . On 
the other hand Geyer (1967) stated that the subgiant stars had a large 
ultraviolet excess relative to asymptotic giant branch (AGB) stars from 
his UBV photoelectric observations. 
On the basis of accurate photoelectric observations of brighter w 
Cen stars , Cannon and Stobie (1973) showed that the spread in the RGB was 
not due to differential reddening. They also showed that there were 
systematic errors in both RGO ' s and Geyer ' s data. More recently the 
spread in the RGB has been investigated by Norris and Bessell (1975) and 
Bessell and Norris (1976) from observations of the RGB stars, and by 
Freeman and Rodgers (1975) from obs e rvation s of RR Lyrae stars. Their 
conclusions are discussed brief ly in Chapter 1 (§3). 
1.1 Observations 
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The photoelectric observations of bright stars in w Cen were made 
mostly with the 60-cm reflector during the period of 1973 and 1974. Ninety-
four program stars between radii of 11' and 22' were calibrate d with 12 
secondary standards whose magnitudes and colors were determined with the 
E-region standards (Cousins and Stoy 1963). Their results are given in 
table l where the star numbers (referred to as "RGO") given in the Royal 
Observatory Annals No. 2 (Woolley 1966) were adopted. 
The mean standard deviations of a single measurement are less than 
0.03 in V and (B-V) and less than 0.04 in (U-B) over the measured magni-
tude range. No apparent differences between the present and Cannon and 
Stobie's data were found. The systematic errors in Geyer's data which 
had been pointed out by Can non and Stobie have been confirmed in the 
present observations. 
1.2 The C-M Diagram 
All the results in table 1 are plotted in figure 1. The spread in 
the RGB which was pointed out by Cannon and Stobie is clearly seen. In 
the two color diagram (fig. 2), stars (open circles) which from their 
proper motions are considered field stars yield the reddening E V = 0.08 + 
B-
0.01, and the ultraviolet excess at (B-V) = 1.0 is O(U-B) = 0.22 + 0.02. 
0 
This reddening value is smaller than those estimated by others: 
EB-V = 0.10 by Dickens and Saunders (1965); 0.11 by Newell et aZ. (1969b), 
and 0.14 + 0.04 by Can non (1974). The ultraviolet excess is consistent 
with Cannon's (1974) estimate. The magnitude height of the RGB is 
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TABLE 1 
PHOTOELECTRIC MAGNITUDES AND COLORS OF STARS IN W CEN 
Star 
(RGO V B-V U-B n* Note 
No.) 
South- West Zone 
1 7.58 .10 .06 17 f,STD 
3 8.57 1. 28 1. 44 19 f ,STD , A,CS 
4 8.80 .00 -.09 3 f,STD,B,CS 
6 9.09 1.16 1.14 10 f,STD,C 
10 9.92 .98 .67 8 f,STD 
11 10.04 1.13 .91 6 f,STD,D,CS 
12 10.08 1.18 1.15 17 f,STD, E , CS 
36 11.18 1.60 1.89 17 f,STD,F,CS 
53 11. 53 1.69 1. 72 14 V,G,CS 
118 11. 84 .66 .16 12 f,STD,H 
143 11.96 .44 .09 14 f,STD,J,CS 
150 12.00 1. 71 1.91 4 M,CS 
155 12.02 1.43 1. 25 2 M,CS 
156 11.93 1.54 1. 83 4 f,STD,I,CS 
207 12.25 1.40 1.29 1 M 
217 12.32 1.22 .94 2 M 
218 12.35 1. 30 1.11 3 M 
297 12.43 1. 30 1.09 3 M,CS 
312 12.44 1. 31 1.03 2 M,CS 
399 12.66 .46 .04 11 f,STD,K,CS 
403 12.70 1.17 .81 2 M 
483 12.84 1.07 .64 2 M,CS 
591 13.05 1.05 . 56 2 M,CS 
1026 13 .35 .95 .53 3 M 
1032 14.94 .85 .28 1 M 
1059 13. 57 .96 .44 3 M 
1060 14.11 .63 .00 1 M 
1068 13.68 1.06 .62 2 M 
1183 13. 50 1.11 . 86 1 f 
1279 13.65 .96 .40 2 M 
1430 13.68 .59 .11 3 f? 
3372 13.84 1.00 .83 1 f 
3635 13.52 .64 .08 1 f? 
3875 13.42 1.03 .74 1 M 
South-East Zone 
5 8.69 . 56 .04 9 f 
9 9.55 . 96 .67 7 f 
13 10.14 1. 23 1. 25 5 f 
16 10.35 1. 70 1.67 6 M? 
17 10.52 .55 .06 1 f 
38 11. 29 . 21 .17 4 f 
47 11.39 1. 58 1.53 6 M 
87 11.64 . 60 .06 5 f 
90 11.63 1.61 1. 69 4 v,cs 
CONTINUED 
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TABLE l (CONTINUED) 
Star 
(RGO V B-V U-B n* Note 
No.) 
South-East Zone 
102 11.69 1.45 1. 34 2 M,CS 
137 11.86 1.14 1.03 3 f? 
165 12.18 l. 27 l. 27 2 f 
129 11.83 l. 20 l. 23 2 f? 
272 12.39 1. 33 1.19 2 M,CS 
418 12.70 1.11 .74 2 M,CS 
446 12.79 1.06 .74 2 M,CS 
1095 13. 65 1.07 .70 2 M? 
1107 13.51 .87 .35 1 M 
1114 13.18 .66 .15 1 f? 
1134 13.42 l. 01 .55 l M? 
1148 13. 76 .88 .46 1 M 
1241 13.41 1.00 .51 1 M? 
1244 12.90 .68 .21 l f? 
1849 13. 41 .97 .57 2 f 
1850 13.07 1.08 .73 l M 
3369 12.98 1.06 .67 l M 
3624 13. 75 1.06 .92 l f? 
3867 13.08 1.10 • 71 2 M 
North-East Zone 
7 9.34 .69 .35 4 f 
22 10.63 l. 34 1.49 3 f 
46 11.66 l. 57 1.31: l M,CS 
58 11.68 1.44 1.17 2 M,CS 
70 11. 59 l.80 1.69 3 M,CS,CH 
96 11. 77 1.47 l. 41 2 M,CS 
180 12.12 1.24 .98 2 M 
219 12.20 l. 57 l. 68 2 M,CS 
234 12.26 1.16 .83 5 M,CS 
245 12.26 l. so l. 39 2 M 
279 12.30 1.35 .95 l M,CS 
283 12.38 l. 29 l. 33 l f 
331 12.57 l. 55 1.10 l V,CS 
464 12.84 1.17 . 82 2 M,CS 
6957 13.90 .86 .26 l M 
North-West Zone 
2 8.42 .09 .07 10 f 
15 10.53 1.63 l. 93 5 f,CS 
24 10.81 .37 .24 6 M,CS 
43 11. 58 1. 74 1.81 3 V,CS 
56 11.60 1.62 l. 72 3 V,CS 
61 11.65 1.66 1. 73 l v,cs 
74 11. 74 1.39 1.19 2 M,CS 
91 11.80 l. 36 l. 23 8 M,CS 
113 11. 75 .38 .08 3 f,CS 
CONTINUED 
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TABLE l (CONTINU ED) 
Star 
(RGO V B-V U-B n* Note 
No.) 
Nor>th-West Zone 
159 11.99 1. 33 1. 06 2 M,CS 
189 12.15 1.27 1. 33 3 f? 
213 12.22 1.12 .78 4 M,CS 
240 12.25 1. 45 1.39 1 M 
253 12.36 1. 37 1. 26 2 M,CS 
287 12.34 1. 46 1.13 1 M,CS 
394 12.66 1. 36 1. 20 3 M,CS 
400 12.67 1. 32 1.07 3 M 
434 12.75 1.15 .87 3 M,CS 
605 13.03 1.16 .88 4 M,CS 
4404 14.89 .11 .21 2 M,CS 
4654 14.85 .84 .52 1 f,CS 
5002 14.50 . 84 .37 1 f?,CS 
5321 15. 77 • 80 .OS 1 M,CS 
5565 13.60 1.14 1. 25 l f 
5566 13.41 .59 .10 1 f? 
6592 13.14 1.02 .74 1 M? 
6935 13.73 . 57 .03 2 f? 
6943 13. 54 1. 29 1.26 3 f 
6945 13. 75 .78 .30 3 M? 
Notes : 
M = Member cluster star 
f = field star 
STD = secondary standard stars 
V = variable star 
cs = stars measured by Cannon and Stobie (1973) 
A,B, . . = stars measured by Arp (1958) 
CH = CH star (Dickens 1972; Stock & Wroblewski 
1972) 
n = numbe r of nights 
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6V = 2.50 + 0.2, if we take the HB level as defined by the mean magnitude 
of RR Lyrae stars, V = 14.52 (Dickens and Saunders 1965). Superposing 
the present C-M diagram on that of Cannon and Stobie , the reddening free 
color of the mean RGB at the horizontal branch (HB) level (V = 14.52) is 
(B-V) = 0.81 + 0.03. All these metal abundance indicators together o,g 
with the individual spectral type of giant stars, B suggest that w Cen 
is of intermediate metal deficiency, like M3 and NGC 3201 (table 4 in 
Chapter 4), rather than an extremely metal poor cluster (Dickens and 
Woolley 1967) like Ml5 or M92. However the large spread in the RGB of 
w Cen shows an unique anomalous character among other clusters so that 
the usual metal abundance indicators may not be enough to represent the 
actual metal abundance of w Cen without detailed spectroscopic observa-
tions of many red giant stars. 
Six known red variables are indicated as large filled circles in 
figures 1 and 2. One CH star (RGO 70) of the known three, shows a large 
ultraviolet excess relative to the standard relation in figure 2; this 
arises from strong absorption in the B-band (Bond 1975) in the UBV 
observation. 
2. NGC 6752 
2.1 Introduction 
NGC 6752 (a 50 = 19h06~4, 050 = -60°04', £ = 337°, b = -26°) is 
one of the nearest of the globular clusters and is well situated for 
observation. It has an integrated spectral type of F6 (Kinman 1959), 
individual spectral type of giant stars, B (Kinman 1959) and the G-band 
index y = 3.31 (Gascoigne and Koehler 1963). These spectroscopic charact-
eristics were confirmed in the first C-M diagram of the cluster by 
Gascoigne and Ogston (1 963 ). 
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Cannon and Stobie (1973) made UBV photoelectric measurements of 
about 100 stars down to V z 16. They found a reddening E of 0.05 and 
B-V 
a modulus of -13~5. Wesselink (1974) studied the C-M diagram down to 
V z 18, on photographic plates calibrated with a photoelectric sequence. 
He showed that the blue horizontal branch (BHB) extended to v = 17.5 at 
least, and found a turnoff at V = 17.3, (B-V) = 0.32. This work was 
extended by Cannon and Lee (1976) to V = 19, with stronger pe sequence with 
a fainter limit. The results were presented at Frascati Study Group on 
Globular Clusters and Related Problems of Galactic Evolution in 1973. 
Here some characteristics of the C-M diagram of NGC 6752 are 
briefly discussed with the author's own opinions. 
2.2 Photographic Photometry 
Most of the plates used for the measurements were taken by Cannon 
with the 190-cm reflector at Mount Stromlo Observatory, stopped down to 
120-cm where the photometric effects due to optical aberrations were 
negligible. The stars wer divided into three groups. Bright stars were 
I 
measured between radii of 3.5 and 8.5, intermediate stars between radii 
of 6' and 8.5, and faint stars in a 60° sector in the southern part of 
the cluster, between radii of 6' and 11'. 
The bright stars were measured on eight plates with 5 min exposures, 
the faint stars on eight plates with 30 min exposures, and the intermediate 
stars on eight plates with 15-30 min exposures. The plates were calibrated 
with about 90 pe standards, 23 of which were fainter than V = 16. All 
the plates were measured with the Sartorius iris photometer by the 
author alone to avoid possible personal error due to different observers. 
The detailed results will be published in a separate paper by Cannon and 
the author. 
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2.3 The C-M Diagram 
About 1,700 stars are plotted in the C-M diagram in figure 3. 
Compared with this C-M diagram, Alcaino's (1972) C-M diagram is system-
atically brighter by 0~2 and redder by 0~08, and the faint part near the 
main sequence in Wesselink's C-M diagram is bluer by 0~13. 
The C-M diagram has a number of features: (1) an obvious gap in 
the subgiant branch at V = 16.2; (2) a somewhat less obvious gap in the 
RGB at V = 13.5, with a poss~ble clump above it and (3) a group of faint 
blue stars at the level of the turnoff (V - 17.3), separated from the 
brighter BHB and a gap of about lm. As mentioned by the previous 
investigators very few stars appear in the red horizontal branch (RHB) 
region. The BHB is well developed, and a few AGB stars are clearly 
separated from the RGB. 
The turnoff point of the main sequence in figure 3 is defined at 
V = 17.2 and (B-V) = 0.45. The observed turnoff color, corrected by 
Cannon and Stobie's reddening E = 0.05, is (B-V) = 0.40. Since the 
B-V o 
general shape of the RGB of NGC 6752 is similar to MJ and the slope of 
the subgiant branch to Ml3 (Sandage 1970) we may apply to NGC 6752 the 
same deblanketing correction of 6(8-V) = 0.04 which was used for M3 and 
Ml3 (Sandage 1969). Then the intrinsic turnoff color of NGC 6752 is 
(B-V) = 0.36 which is the same as the blue cutoff color of field o,g 
subdwarfs (Sandage 1969). 
Sandage (1970) derived the mean magnitude difference 6v = 3.35 
between the turnoff and the mean position of RR Lyrae stars from four 
clusters. When this is applied to the turnoff magnitude, V = 17.2 of 
NGC 6752, t.~e visual magnitude of the HB is V = 13.85, so that the true 
distance modulus is (m-M) = 13 . 20 taking M = 0.5 (Sandage 1969) and 
0 V 
E = 0.05. The reddening free color of the RGB at the HB level is B-V 
(B-V) = 0.76 and the magnitude difference between the RGB and the HB o , g 
FIG. 3. - The C-M diagram of NGC 6752 
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Comparison with the C-M diagrams of clusters similar to NGC 6752 
such as M3 (Johnson and Sandage 1956); Ml3 (Arp and J ohns on 1955; Kadla 
1966), and NGC 6397 (Woolley et al . 1961) suggests that both the gap at 
V 13.5 and the clump above it are likely to be real. The gap at 
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V = 16.2 in the subgiant branch in figure 3 may be a general character-
istic, at least of metal poor globular clusters; the C-M diagrams of M3 
and MS (Arp 1962) show some suggestion of it. The position of the gap in 
the theoretical H-R diagram of Iben and Rood (1970a) corresponds approx-
imately to the evolutionary phase at which the density in the hydrogen-
burning shell reaches a maximum and the major source of energy genera-
tion is CNO cycle. 
The gap of faint blue stars about lm below the BHB in figure 3 
appears at the magnitude level of the main sequence turnoff. For the 
C-M diagram of Ml3 (Arp and Johnson 1955) a few stars also appear slightly 
above the turnoff level. Sweigart et al. (1974) suggested that these 
faint blue stars in NGC 6752 are probable sd B stars according to Green-
stein's (1971) ''extended HB hypothesis''. Recently Newell (1976) showed 
that the location of the gap between the BHB and faint blue star group, 
i.e. V = 16.9-17.2 in figure 3, corresponds to the mean effective tempera-
ture, log Teff = 4.35 which is the observed location of the second gap 
in the field star BHB sequence (Newell 1976a, 1973). The evolutionary 
status of the stars in this group is not certain yet. 
A bluer star with (B-V) = -0.37 in figure 3 is located at 
I 
r = 7.3 from the cluster center, and has a faint comparison with V = 17.31 
and (B-V) = 0.52. Whether this star is a member is not known. In the 
C-M diagram of M3 (Johnson and Sandage, 1956) a similar blue 
appears at (B-V) = -0.4. 
star 
3. A SHORT PERIOD CEPHEI D VARIABLE IN NGC 6752 
A variable star Vl in NGC 6752 has bee n reported previously by 
Hogg (1972) and observed photoelectrically by Cannon and Stobie (1973), 
who designated it No. 31. 
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To determine the period of light variation of Vl, 43 photographic 
plates were taken in 1972 with the 26-inch Yale-Columbia refractor at 
Mount Stromlo Observatory, and UBV photoelectric observations were 
obtained during 1972 and 1973 with the 24-inch and 40-inch reflectors 
at the Siding Spring Observatory . The latter observations were made 
only on nights of good seeing in order to exclude the faint companion 
star separated by about 9 seconds of arc from Vl. 
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FIG. 4. - The B-magnitude light curve of variable Vl, phased accord ~ng 
to the period 1.3782 days . The filled circles refer to the 1972 photo-
graphic obse rvations. The ope n circ l es and triangles refer to the 
1972 and 1973 photoelectric observations, respectively. 
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TABLE 2 
PHOTOGRAPHIC OBSERVATIONS OF VARIABLE Vl 
H.J.D. Phase H.J.D. Phase 2440000+ B 2440000+ B 
1481.280 0.738 13. 33 1500.184 0.455 13. 79 
1484.088 0. 776 13. 28 1500.230 0.488 13. 85 
1484.102 0.786 13. 31 1500.265 0.514 13.87 
1485.163 0.556 13.87 1500.301 0.540 13 .91 
1485.190 0.574 13.92 1500.339 0.568 13.90 
1486.237 0.335 13.66 1501.143 0.151 13. 21 
1487.054 0.928 13. 03 1501.171 0.171 13.28 
1487.926 0.561 13.94 1501. 207 0.197 13. 39 
14 88 . 017 0.626 13. 88 1501. 255 0.232 13.43 
1 488 .144 0. 719 13. 51 1501.299 0.264 13.49 
1496.001 0.420 13. 78 1501.348 0.300 13.58 
1496.049 0.454 13. 83 1505.941 0.632 13 .81 
1496.100 0.492 13.91 1507.008 0.407 13. 75 
1496.185 0.553 13.92 1507.088 0. 464 13.80 
1496.226 0.583 13.95 1507.129 0.494 13. 83 
1496.233 0.589 13.92 1507.171 0.525 13.86 
1496.273 0.617 13.90 1507.185 0.535 13.87 
1496.334 0.661 13.86 1507.224 0.564 13.92 
1499.958 0.292 13.55 1507.261 0.590 13.93 
·1500. 006 0.326 13.61 1507.291 0.612 13. 87 
1500.042 0.352 13.64 1507.341 0.649 13.82 
1500.173 0.447 13. 76 
TABLE 3 
PHOTOELECTRIC OBSERVATIONS OF VARIABLE VJ. 
H.J.D. Phase V B-V U-B 2440000+ 
1515.032 0.229 12.98 0.44 0.18 
1516.065 0.978 12.65 0.29 
1516.134 0.028 12.61 0.31 0.13 
1516.210 0.084 12. 72 0.39 0.14 
1516.267 0.124 12. 77 0.39 0.11 
1516.940 0.613 13. 31 0.54 0.13 
1517.051 0.694 13.15 0.41 0.07 
1517.138 0.757 12.98 0.37 0.02 
1517.215 0.812 12.84 0.35 0.04 
1517.280 0.860 12.80 0.32 0.09 
1517.316 0. 886 12.75 0.30 0.09 
1831. 222 0.652 13. 27 0.52 0.10 
1844. 272 0.120 12.78 0.41 0.14 
1866.121 0.974 12.64 0.29 0.11 
1867.237 0.783 12.94 0.35 0.07 
1897.008 0.38S 13.16 0.52 0.16 
1897.150 0.488 13. 29 0.55 0.14 
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FIG. 5. - The light and color curves of variable Vl, phased according to 
the period 1.3782 days. Te filled and open circles refer to the 1972 
and 1973 photoelectric observations. 
The calibration of the photometry was based on the photoelectric 
magnitudes and colors of stars in Table 1 of Cannon and Stobie (1973). 
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Ten stars (Nos. 118, 119, 121 , 122, 123, 124, 125, 127, 128, 131) were 
chosen for the calibration of photographic magnitudes using the Sartorius 
iris photometer at Mount Stromlo Observatory . Three stars (Nos. 3, 9, 13), 
which have been used as the secondary standard stars by Cannon and Stobie, 
were chosen as compa rison stars for photoelectric observations. 
The observations are listed in tables 2 and 3. From these values 
the period of light variation and its uncertainty, obtained by fitting a 
set of observations to a master curve, lead to the following elements for 
~~~--
maximum light : 
J . D. (max) = 2441516.095 + 1.3782(+0.000l)E 
Figure 4 shows the light curve of B-magnitude where all the photographic 
and photoelectric values are plotted. Figure 5 shows the light curve of 
V-magnitude and the color curves of (B-V) and (U-B) for the photoelectric 
observations alone. The (U-B) color curve has its maximum on the ascend-
i n g branch of the light curve (cf . BL Herculis , Abt and Hardie (1960)). 
The loop in the two-color diagram, corrected for reddening (Cannon and 
Stobie 1973) of E(B-V) = 0 . 05 and reddening slope 0 . 72 , falls at the 
location of F III stars in figure 6 where luminosity classes Ib and III 
a re for supergiants and for normal giants , respectively , after Schmidt-
Ka l er ( 1965) . 
- 0.1 
U-B 
0.1 
0.3 -
0.1 0.3 0.5 0.7 
B-V 
FIG. 6 . - The two-color diagram of variable Vl . Dots correspond to 
observations on the asce nding branch of the U-B curve and crosses to those 
o n the descending branch . The dashed loop is drawn as a smooth fit to the 
o bserved points . The solid loop represents the reddening corrected curve 
o f the variable {E(B-V) = 0.05 , E(U-B)/E(B-V) = 0 . 72) . The locations of 
s upergiants of luminosity class Ib and of normal giants of luminosity class 
I II are drawn in the figure. 
The mean magnitude and the mean colors of variable Vl derived from 
the photoelectric values given in table 3 are 
<v> = 1 2 . 97 (B) - (v) = 0.40 (B-V) = 0 .4 3 
From these values the mean absolute magnitude and the intrinsic mean 
color are 
(MV) = -0. 53 ((B) - (V)) O = 0. 35 
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where the distance modulus for NGC 6752 given by Cannon and Stobie (1973) 
(m-M) = 13.50 was used, on the assumption that variable Vl is a member 
of NGC 6752. According to Kwee (1968) variable Vl falls into the group 
of short-period Population II cepheids with large light amplitude, for 
which the mean absolute magnitude and the intrinsic mean color are 
(Mv) = -0.56 ((B) - (v)J 0 = 0.23 + 0.86 log p 
For variable v 1 these relationships lead to 
(xv)= -o. 56 ((B) - 07)) 0 = o. 35 
in excellent agreement with the above values derived from the direct 
observations. 
TABLE 4 
SOME CHARACTERISTICS OF SHORT PERIOD POPULATION II CEPHEIDS IN 
GLOBULAR CLUSTERS AND OF FOUR GLOBULAR CLUSTERS 
* (t:.V) at Period (M / t Variable ((B)-(v)) O (B-V) = Horizontal (days) V 1. 40 branch 
w Cen V43 1.157 -0.74 0.35 2.6 BHB 
w Cen V60 1. 350 -0.65 0.28 2.6 BHB 
w Cen V61 2.274 -0.70 0.52 2.6 BHB 
M13 Vl 1. 5 -0.46 0.45 2.55 BHB 
Ml.3 V6 2.1 -0.30 0.55 2.55 BHB 
Ml.5 Vl 1. 4 -0.48 0.24 2.8 BHB >> RHB 
NGC 6752 Vl 1. 378 -0.53 . o. 35 2.9 BHB 
* t ( 1968) From Arp ( 1955) and Dickens and Carey (1967) From Kwee 
The short-period (P _ 1-3 days) globular cluster cepheids with 
large light amplitude (~l _ 1 mag) are listed in table 4. T~eir light 
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curves are similar to that of variable Vl except for the bumps clearly 
shown in Ml3 V6 and w Cen V61 (Arp 1955; Dickens a nd Carey 1967). Among 
these light curves the light curve of w Cen V43 (P = ld.2) is more 
similar to that of variable Vl although the latter has a more symmetric 
light curve. 
Since Kwee's relationships were derived from these six short-
period Population II cepheids with large light amplitudes, the above 
magnitude and color agreement, and the similarity in the light curves of 
variable Vl, of these globular cluster variables and of the short-period 
Population II field variable, BL Herculis (discussed below), verify 
Cannon and Stobie's conclusion that variable Vl is a member of the 
globular cluster NGC 6752. 
The color-magnitude diagram (Cannon and Lee 1973) of NGC 6752, 
which has a rich, down-ward-extended BHB, no RHB and a s teep RGB, is 
characteristic of extremely metal-poor globular clusters. On the 
assumption of metal deficiency of variable Vl, its mean effective tempera-
ture is derived as log T = 3.80 from the relationship of temperature and 
e 
mean color (Oke et al. 1962). The luminosity of this variable is 
log L/L = 2.14 assuming (Allen 1964) a bolometric correction of O~l. 
~ 
When the arguments of Strom et al. (1970) and Iben (1971) are applied, 
the above luminosity and effective temperature locate variable Vl at the 
evolutionary stage of supra-horizontal branch (SHB) stars evolving 
towards the AGB. A mass o f - 0. 56 M is indicated by the position of Vl 0 
in Figure 2 of Strom et al . (1970). The use of this mass, the observed 
period and t.he t heore tical pe riod-radius -mas s relationship (Fricke et al . 
1972) l ead to the radius of R = 8.4 R for variabl e Vl. 
0 
The characteristics of the light and color curves of BL Herculis 
(P = ld.3074572), which is one of the brightest short-period Population II 
field cephe ids, are very similar to those of variable Vl except for the 
bumps clearly apparent in the former. BL Herculis has luminosity class 
II or III and spectral type F, and its corrected Wesselink radius (Abt 
and Hardie 1960) is R = 8.3 R. 
0 
Table 4 contains too small a sample to find any correlations 
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between cepheid and cluster properties (periods, magnitudes, colors, 
metal abundance). Even for this sample, however, it is evident that all 
these short-period Population II cepheids are members of the globular 
clusters which have a predominantly BHB (BHB >> RHB in table 4) or a 
totally BHB (BHB only in table 4) and have steep giant branches (i.e. 
the differences of V-magnitude between the giant branch and the horizontal 
branch read at the intrinsic color of (B-v) 0 = 1.4 is greater than 
m 
~V = 2.5). Nevertheless, Ml3 is regarded as a metal-rich cluster having 
an ultraviolet excess (Sandage 1970) of o(U-B) = 0.15 and Deutsch class 
A. A similar result was obtained by Wallerstein (1970) considering all 
cepheids of period greater than one day in globular clusters. This 
reinforces the view that the short-period Population II cepheids in 
globular clusters are the SHB stars which are evolving from the BHB. 
We conclude that variable Vl in the globular cluster NGC 6752, 
which has no RR Lyrae stars, is certainly a member of this cluster, and 
belongs to the group of short-period Population II cepheids with large 
light amplitude observed in w Cen, Ml3 and Ml5 and the field Population 
II cepheid, BL Herculis. 
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CHAPTER 8 
SUMMARY AND DISCUSSIONS 
We have discussed individual clusters presenting the observed data 
except for w Cen and NGC 6752. In this chapter we will summarize all 
derived parameters defining the characteristic of the C-M diagrams and 
discuss a few problems arising from the present study, which could be 
investigated further. 
1. THE CHARACTERISTICS OF THE C-M DIAGRAM 
The characteristic parameters of our six globular clusters are 
summarized in table 1. NRH) is the number ratio of blue, 
RR Lyrae and red stars along the horizontal branch (HB), and 
R = NHB/NRG is the number ratio of HB stars and red giant branch (RGB) 
stars brighter than the HB level after the bolometric correction, 0~15 . 
From this ratio the helium Y was estimated using figure 1 given by 
Demarque et al . (1972). The Y-value in the parentheses is for the case 
when semiconvection has been included. 
Among the six clusters M55 is the most metal deficient . On the 
basis of 6V,NGC 6752 is less metal deficient than NGC 3201, but it has 
the smallest (B-V) and a greater O(U-B) than NGC 3201 . There is then 
o,g 
no strict correlation between two parameters 6v and (B-V) , and as a 
o,g 
consequence different RGB's are able to intersect each other in the C-M 
diagram as shown in Chapter l ' s figure 1. This can be understood from 
the manner in which 6v and (B-V) depend on Z- and Y-abundancE'S as well 
o , g 
as on mass (D~narque and Mengel 1973; Rood 1972). 
Wh en all the available mean RGB's are plotted as in Chapter l's 
figure 1, with the HB' s matched at the same magnitude and using the redden-
~ 
CIIARACTEIUSTICS OP THE PIIOCIWI GL0BUt.U CLOSTZltS 
Concen• Integrated ap. Indlv. c;. OOater- Meaaured 
" tr at ion op. band hott region z&-V 6v (N8M 1 NVA 1 KIi .,..._!!! 1,1 Cluat.er .... b (&-V) 6 (U-11) P•/1\iy,1 VKII , .... ", (11-V)TC> cl••• lt1naan l(zon/ Deutach Indea type (pg,pe ) 0,9 0 NRH) Type NRG Mayall Morgan /Jt.1ru,,an y 
Ma: 104 00h21~9 ... 45• 6'-27' 21 l I l6S 7 I. 75 0 . )9 III Cl ,. ) . 51 
-L o.o, 1.8) 0 . 98 0 . 15 -0.87 1' .06 12 .9' 10: 29) !f7 Tue) (pe,pg) 
10hl5~5 • 9• 0'-5.8 
' 
l . '1 0 . )5 MCC l201 X II I 0 . 21 2 .8 o. 79 0 . 19 -1. 20 1' . 80 1). 57 6S 160 1 Sl (~ . H) (pe,pg) 
NOC 6121 l6h20~6 +16• 0'-1'. l 2.3 Slil8 1 6l 
' 
I. 28 0. )2 (M4) IX (C) ,. - I 0.40 0 . 87 0 . 10 -0.50 1). )5 11.15 (0 . 21) 0 (pe,pg) 
NOC 6809 l9h)6~9 -24• o·- 7 . 5 18) , 9,17 2 
-1.' 
- 0 . )5 XI P5 
- III a ).31 - 0 . 08 l . O 0 . 80 0.29 -2. 5 14 . )5 ll . 81 (.0 . HI (IC>5) (pe,pg) 
NOC 51)9 llh2l~8 +1s• P7 II l . ll II ll'-22' 0.08 2 . 5 0.81 0.22 -1.4 14 . 52 1) . 78 (1.1.1 Cen) VIII - 8 (pe) 
NOC 6752 19h06~4 -26• VI P6 
- -
II 3. 31 l . 5-11' 0.05 2 . 6 0.16 0 . 21 -1.) 1) . 85 ll.20 o. )6 (pg) 
.:: 
192 
ing free color, (B-V) , they can be divided into three groups as follows: 
o,g 
Group A clusters with (B-V) > 0.88 and 6V < 2.3 o,g 
Group B clusters with 0. 76 ~ (B-V) < 0.88 and 
2.3 < 6V < 2.8 o,g 
Group C clusters with (B-V) ~ 0.76 and 6v > 2.8. 
o,g 
47 Tue belongs to Group A, and the other clusters in table 1 to Group B.* 
M22 belongs to Group C when we adopt the parameters, 6V = 2.8 and 
(B-V) = 0.69 for E = 0.4 (Arp and Melbourne 1959) and V = 13.90 
o,g B-V HB 
from figure 1 in the Appendix. The three groups are indicated in 
Chapter l's figure 1 and figure 1 of this chapter. Clusters in Group c 
are all Oosterhoff type II clusters, and Group B includes Oosterhoff 
types I and II clusters and also all the known anomalous clusters: 
~ 
NGC 7006 (Sandage and Wildey 1967), NGC 362 (Menzies 1967), Ml3 (Baum 
et al. 1959; Sandage 1970), NGC 2808 (Harris 1974) and NGC 288 (Cannon 
1974). 
2 
~v 
l 
0·6 0 ·8 1·0 1·2 
CB-V)o 
FIG. 1. - The distribution of the mean AGB ' s of globular clusters in the 
C-M diagram. The color (B-V) is the reddening free color, and 6V is 
the magnitude heigh t from the 0 HB. The areas of three me tal groups of the 
AGB distribution are indicated as A, Band C. These three groups are the 
srune as those in Chapter l's figure 1. 
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In Rood's (1972) models the color difference, ~(B-V) between 
o,g 
two RGB's with Z = 10-4 and 10- 2 , each with X = 0.7 and M = 0.8 M, 
0 
. om 1S .32 at log L/L 
0 
= 1.7, which is the same as the observed color 
range in Chapter l's, figure 1. The color changes due to different 
Y and different mass are smaller than these due to changes in z. 
From this dominant effect of z and from the absence of violent inter-
sections of the RGB's we infer that the three groups above correspond 
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to real differences in metal abundance . These three groups are similar 
to the different Z-abundance groups in Hartwick's (1968) two-dimensional 
classification scheme and also to these shown by Sandage and Wallerstein 
(1960) on the basis of ~V . The color range, 6(B-V) = 0.32 and the 
o,g 
magnitude range 6(6V) = 1.9 include all the observed globular clusters 
as shown in Chapter l's, figure 1. This may indicate a continuous 
distribution of metal-abundance and perhaps Y-abundance as expected 
in the early observations of the late type clusters (Sandage and Smith 
1965) and in the Galaxy collapse model (Eggen et al. 1962). It is noted 
that before the observations of M4 there was a gap in color between 
Group A and Group Bin the C-M diagram. 
The division into groups corresponds to a division of the total 
-color range into three segments each about O~l wide. However, the 
magnitude range of Group Bis about half that of the other two groups 
m (0.8). This smaller magnitude range and the inclusion in Group B of all 
the anomalous clusters may be a consequence of some complicated 
combinations of z- and Y-abundances which produce smaller magnitude 
range and anomalous C-M diagrams compared with the other two groups. 
The same three groupings of globular clusters as shown by the 
distribution of RGB's are also obtained from the distribution of 
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asymptotic giant branch (AGB) in figure 1. The HB levels are matched 
at the same magnitude and reddening free colors us ed. The thre e group s 
of the mean AGB's are plotted in figure 1 allowing f or the mean errors, 
6V = ±0 . 3 and 6(8-V) = ±0.05 in the derivation of the mean AGB's from 
the C-M diagrams. The same groupings of clusters in the distributions 
of RGB's and AGB's may sugge st that there are fundamental parameters 
which are unchanged in the HB and post HB evolutionary phases and 
other parameters which may be associated with the he lium fla s h at the giant 
tip are determined essentially by these fundamental parameters. Howeve r, 
we do not attempt to speculate further on this important point until 
more well defined AGB's have been obtained. 
Use of (B-V) for quantitative ordering or detailed classification 
o,g 
of globular clusters could involve some danger for reasons following. 
As shown in Chapter l's, figure 1, the total color range, 6(8-V) = 0.32 
is one sixth of the magnitude range, 6(6V) = 1.9. It means that the 
ordering of clusters with the parameter (B-V) is six times more 
o,g 
sensitive to errors than ordering with the parameter 6V. Because of 
0 
the flat shape of the RGB near (B-V) = 1.4, the amount of the uncertainty 
0 
in magnitude V due to the reddening error is usually smaller than six 
/ times that in color (B-V). Therefore we should expect much greater 
uncertainty in the quantitative ordering or detailed grouping with 
(B-V) than with 6V. Also it is noted that many RGB's of the late 
o,g 
type clusters have their tips less than the 2~5 above the HB l evel 
which is require d to d e fine the parame ter Sin the two-dimensional 
classification (Hartwick 1968) and in the relation between [Fe/H] 
and S (Kraft 1972). Furthermore there are still many C-M diagrams 
in which faint subg iant branches did not extend enough below the HB 
level to d e fin e the accurate (B-V) , and conseque ntly the accuracy 
o,g 
of (B-V) is like ly to be less than that of 6V. The parameter 
o,g 
(B-V) is used for the relation between [Fe/H) and (B-V) 
o,g o,g 
(Butler 1975) as well as for the two-dimensional classification 
scheme. 
The helium abundances of four globular clusters which 
were derived from the R-method are shown in table 1, and they 
are all greater than Y = 0.3 if semiconvection is omitted. The 
similarity of the present Y values suggests that the initial 
helium abundances were also similar, as has been suggested by 
Iben et aZ. (1969) from nine globular clusters. This derived 
ratio was R = 0.8 _ 1.0 which yields the mean value, Y = 0.3. 
In the present four clusters of which NGC 3201 and M4 were 
completely counted over the whole cluster region, the ratios are 
greater than 1, i.e., R > 1. If this is the case for most of the 
clusters when complete counting is made, it means that Y is greater, 
from 0.32 to 0.35, as suggested by others (Gross 1973). If 
semiconvection is included, Y is about 0.1 less than if it is 
excluded, the smaller value being due to the longer HB life time. 
Demarque et aZ . (1972) have argued against the validity of the 
R-method pointing out some uncertainty, in particular helium core 
mass associated with the helium flash at the giant phase. 
It is noted that although we have slightly different 
Y values in table 1, there is no firm evidence for difference in 
Y. 
2. THE STRUCTURE OF GIANT AND HORIZONTAL BRANCHES 
The C-M diagrams of 47 Tue, NGC 3201, M4 and M55 show the 
detailed structures of each branch. One common feature is the 
appearance of a clump in the RGB near the HB level. In M55 and 
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NGC 3201 the clump is at the HB level, in the metal-rich clus ters 
M4 and 47 Tue it i s below it. Gaps appear above and below this 
clump. m All the C-M diagrams show a gap about 1 above the HB, 
but it is less distinct than the lower gaps because of the decrease 
in the number of stars as we ascend the RGB. NGC 6752 shows two 
m distinct gaps, one in the subgiant branch about 1 above the main 
sequence turnoff point and another at the HB level. Examination 
of the publishe d C-M diagrams shows that clumps and gaps in the RGB 
near the HB level are likely to be real, and the distinct gap in 
the subgiant branch at _ lm above the main sequence turnoff point 
is probably real as well because it probably appears also in the 
well observed clusters M3 and MS. 
The gap in the RGB near the HB level seems to be correlated 
with the metallicity. As discussed in Chapter 3, in metal poor 
clusters the gap is above the HB level, and in metal rich clusters 
is at or slightly below it. This gap may be characteristic of 
globular clusters not only in our Galaxy but also in external galaxies. 
For instance Walker (1972) found a clear gap in the RGB at the 
HB level in the C-M diagram of a metal poor globular cluster, 
NGC 2257 in the Large Magellanic Cloud. It is noted that the 
positions of the gaps at_ lm above the HB level and at _ lm 
above the main sequence turnoff point correspond approximately to 
the rapidly changing points of the giant branch slope. 
The blue horizontal branch (BHB) in MSS has a gap in its 
steeply rising part, and a similar gap is also seen in the C-M 
diagrams of NGC 3201 and M22 (in Appendix). As discussed in 
Chapter 6, this is the gap which appears in Newell's Group A and 
not the gap between Newell's Group A and Group BC. A large gap in 
the BHB of NGC 6752 corresponds to the gap between Newell's Group BC 
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and group D according to Newell's (1976) calculation. Recently Newell 
and Graham (1976) suggested that if Greenstein' s "extended HB hypothesis" 
is accepted, the existence of two gaps in cluster BHB and field subdwarf 
BHB may indicate an equal number of discrete groups along the giant 
branch . However, it must be said that firm conclusions about gaps and 
clumps strongly depends upon the statistical test, which is very 
difficult for bright red giant stars, in particular in thinly populated 
clusters. 
On the other hand, there are no clear theoretical explanations 
for the existence of gaps and clumps along the RGB. Following the 
demonstration by Sandage et al. (1968) that MlS showed gaps and clumps 
m 
along the RGB, in particular a gap at_ 0.9 above the HB, Iben (1968b) found 
a clump in his theoretical luminosity function which appears near the 
ob~erved gap position in MlS (at_ 0~9 above the HB), and explained 
this in terms of a discontinuity in mean molecular weight. On the 
other hand, from the "fast rotating core" model, Demarque et al . (1972) 
obtained a gap at the observed gap position in MlS as well as mild 
clumps just above and just below this gap. They explained the gap in 
terms of a discontinuity in the pressure gradient produced by a 
discontinuity in the angular velocity. In Rood's (1972) red giant 
models a clear clump is also shown in a high z-model, which fits 
reasonably well to the observed clump in 47 Tue. While the above 
discussions concern the non-uniform rate of evolution along the RGB, 
Iben (1972) suggested as an alternative that gap and clumps may be 
due to differences in star formation time and in initial mass 
distribution of stars in globular clusters. Several explanations 
have thus been advanced for the existence of gaps and clumps. We 
should be able to find a reason which will explain gaps and clumps 
not only in the Galactic globular clusters but also in globular 
clusters in the external galaxies. More detailed observations of 
globular cluster systematics will be needed before we can find a 
correlation between the size and positio~ of gaps and clumps with 
different characteristics of the clusters. 
The C-M diagrams of NGC 3201 and M4 show some spread in 
red giant stars near the tip of the RGB. Most of these stars were 
observed photoelectrically and they are not red variables. Recently 
two different suggestions were made to explain this effect in w Cen. 
One is that the cluster is not chemically homogeneous at the time of 
formation (Freeman and Rodgers 1976), the other that mixing occurs in 
some but not all the red giants (Norris and Bessell 1976). If the 
intrinsic spreads in NGC 3201 and M4 are due to the same effect as 
in w Cen, then these must be due to mixing, because the RGB's of 
these clusters are so well defined compared with that in w Cen that 
pr~mordial chemical inhomogeneity seems excluded. Bond (1975) suggests 
that CH stars can be discovered using UBV photometry because of strong 
absorption in the B-band . In the two-color diagrams of NGC 3201 and 
M4 there are no strong indications that the red stars are CH stars, 
whereas three CH stars were found in w Cen. However, spectroscopic 
observations of these red giants in NGC 3201 and M4 are necessary 
to explain the spread near the RGB and to compare it with that in 
w Cen. 
3. THE SPATIAL DISTRIBUTION OF STARS 
The spatial distributions of various branch stars, in 
particular RR Lyrae stars, were investigated first by Oort and van Herk 
(1959) for M3, M5, Ml5 and w Cen. Since then the stars in three more 
clusters, Ml3 (King 1962), NGC 6397 (Woolley et al . 1961) and NGC 6171 
(Dickens and Rolland 1972) have been studied for spatial distributions; 
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also ul Cen (Dickens and Woolley 1967) and M3 (Woolf 1964) have been 
re-investigated. In the present study, stars in NGC 3201, M4 and M55 
have been counted over the whole region, and in 47 Tue over the outer 
part (r > 6'). 
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In 47 Tue no radial variations of giant branch and red horizontal 
branch (RHB) stars were found. In NGC 3201 RR Lyrae stars and all HB 
stars show less central concentration, as with M3, w Cen and NGC 61 71. 
However in M4 one third of the total RR Lyrae stars are in the core 
' (r = 1.55), in contrast to the general trend which is for a lower C 
central concentration of RR Lyrae stars, as found by Oort and van Herk (1959). 
The HB stars in M4 also show central concentration at the 2.8% level 
of significance. In M55 the HB stars show less central concentration. 
In NGC 3201 and M4 the surface distributions of all stars 
agree well with those given by King et al. (1968), and also with the 
surface luminosity distribution obtained from the actual magnitude 
of stars. The latter results are those expected by King (1972). 
Dickens and Rolland (1972) discussed the radial variations of 
various branch stars in globular clusters in terms of the relaxation 
time, evolutionary life time of HB stars and mass difference between 
HB and RGB stars. In 47 Tue there is no difference in the radial 
distributions of HB and RGB stars in the outer part (r > 6') of the 
cluster. 8 If the relaxation time, _ 1.1 x 10 years (Peterson and King 
1975), in the core part of the cluster is applied to the outer part of 
the cluster, then this is similar to the life time of HB stars, and 
implies similar mass for HB and RGB stars according to Dickens and 
Rolland's (1972 ) interpretation . Howe ver, the r e laxation time in the outer 
' part of the core region (r = 0.47) must be longer than that within 
C 
the core itsel f because of much lower density in the outer part, and 
-
--- " 
accordingly it is longer than the life time of HB stars. Therefore 
the observed absence of radial variations of HB and RGB stars in the 
outer part may indicate that dynamical relaxation has not been 
established. 
8 In NGC 3201 and MSS the relaxation time (2 x 10 years for 
NGC 3201 , 1.1 x 10
9 
years for M55) in the core part is longer than 
the life time of HB stars. Therefore the lower central concentration 
of HB stars is not easily explained. The more difficult explanation 
of spatial distribution is the case of M4. Its central relaxation 
time is similar to the life time of HB stars which show no scaled 
radial variations. If the HB stars in M4 have smaller mass than the 
RGB stars (Newell 1970), then it seems that M4 may not be dynamically 
relaxed. 
King (1972) has reported about more realistic dynamical model 
constructions of globular clusters using the observed distributions 
o f surface brightness and star counts, and the radial distributions 
of various branch stars and the mixture of masses. Recently Da Costa 
and Freeman (1975) have shown a detailed dynamical model of M3 using 
smaller masses of the HB stars than those of the RGB stars. Many 
detailed dynamical models of different clusters will give some 
interpretations about the old problem of spatial distribution of stars 
in globular clusters. 
Finally it is the author ' s impression that future work is nee ded 
as well as more careful observations of globular clusters with a long 
planned program in order to provide the detailed information 
about the structures of various branches and the spatial distribution 
of various stars in the clusters . 
- _·-
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APPENDIX 
THE C-M DIAGRAM OF M22 
The C-M diagram of M22 given by Arp and Melbourne (1958), as 
converted to the B,V system by their transfer equation (B-V) = 0.84 
209 
C.I. + 0.23, is shown in figure 1. The shape of their C-M diagram, in 
particular the color range between the red giant branch (RGB) and the 
red end of the blue horizontal branch (BHB), look different from the C-M 
diagrams of other clusters. This led the author to reobserve M22. Since 
insufficient photoelectric observations were made in the present study, 
eight of Arp and Melbourne 's photoelectric stars and twenty of Eggen's 
(1972) photoelectric stars were used to calibrate the photographic plates. 
Four V and four B plates were taken, each with a 15 min exposure. The 
results of about 280 stars located between r = 4' and 7.7 from the 
cluster center are plotted in figure 2, where large filled circles denote 
photoelectric stars. (The photographic photometry of Arp and Melbourne 
was made mostly within the range of r = 1.5 to 5' from the cluster center.) 
Arp and Melbourne's (B-V) is about 0~08 bluer than ours, and 
o,g 
only four stars appear at the horizontal branch (HB) level between 
B-V = 0.6 and 0.8 in their C-M diagram. It is not clear whether the 
stars appearing within this color range in the present C-M diagram (fig. 2) 
are all cluster members. If they are members, then the color difference, 
~(B-V) - 0.4, between the RGB and the red end of the BHB at the HB level is 
much smaller than the usual color difference (~(B-V) - 0.6). In addition, 
the reddening free color , (B-V) = 0.17 at the red end of the BHB requires 
a reddening EB-V = 0.53 instead of 0.4 (Arp and Melbourne 1959) or 0.25 
(Eggen 1972). 
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with eight of Arp and Melbourne's photoelectric stars and twenty of Eggen's photo-
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An interesting common feature in the two C-M diagrams is the 
m 
sudden d ecrease in the slope of the RGB at -1 above the HB level, a 
feature which is also seen in the anomalous C-M diagram of NGC 362 
{Menzies 1967). The C-M diagram of M22 has been known to be anomalous on 
the basis of 6v = 2.5 {Sandage and Wallerstein 1960). If we adopt the 
reddening E = 0.25 {Eggen 1972), the metal abundance indicators, B-V 
6V = 2.5 + 0.1 and {B-V) = 0.84 {taking the HB level at MV = 13.9 in 
o,g 
figure 2), provide further evidence that M22 is an anomalous cluster .~ 
However, this reddening value gives for the reddening free color of the 
DHB red end {B-V) = 0.33, taking its observed color as {B-V) = 0.59 in 
0 
figure 2. This value is about a factor of two larger than {B-V) = 0.175 
0 
in the unreddening cluster M3 {Sandage 1969). When we take the reddening 
E = 0.4 {Arp and Melbourne 1959), the reddening free color of the BHB B-V 
red end is {B-V) = 0.18, which is consistent with that found in M3, and 
0 
the metal abundance indicators, 6v = 2.8 + 0.1 and {B-V) = 0.69, also 
o,g 
suggest that the C-M diagram of M22 may not be anomalous. 
The two C-M diagrams, {figs. 1 and 2) show two possible gaps, one 
~n the RGB just above the HB level and the other in the BHB at V = 14.6. 
One clump of RGB stars at the HB level seems to be indicated. 
The above discussion strongly suggests the need of careful re-
observation of M22 before discussing the anomalous nature of the cluster. 
It is noted that Arp and Melbourne ' s photoelectric stars are fainter and 
redder compared with the present preliminary photoelectric observations, 
and some crowding and background effects are shown in Eggen's photo-
electric data. 
9:!.e note 10 
1. 
2 . 
PhD Thesj s Sel>-Woo L00 
Detuilerl suogestions, to be sent to the author 
On p • 1 2 , 1 • 7 • 
I think. 
The variable should b ( -8) , not (B-V) , 
0 0 
p.77, L 1. The decU nation should be neg,\ ti ve. 
3. The captions are mi splaced for NGC 3201 r.i0ures Q to 15 -
Fig 9 has the caption of Fig 10, and so n. 
4. p.94, j 3.1. There is an inconsistency in th number of 
RR Lyrae variabl s. 54 in Sawyer JloJg plus four new onr~s 
(see Also the abstract) does not give a total of 60. 
p •. 150, 1. -8. Should read 11 0'!115 below the JIB," not 1'!1s 
6. NCC6752, Fig 3. The o rdinate scale is wrong by one magnitud • 
7. 
The turn-off appears to be at V 16.2 instead of V ,, 17. 2 , 
for P-xample. 
Pl 79. lvere not most of the Jjlates o.f NCC 6752 taken using 
the prime focus corrector lens on the 74" telescope , not by 
stopping the t l esc pe down? 
8 . P.192. NCC J62 i not really anomalous. See th figure in 
article by Dic kens at thP ESO/SRC/CERN Conference, Geneva, 
1974, p. 71. When first studi d by Menzi s, CC 362 seemed 
anomalous, but now that more clusters have been studied it 
se ms fairly normal and s imilar to NGC 1851 and GC 6723 . 
9. M55 does not fit pasily into the grouping A, B or Con p. 1 92 . 
From (9-V) = 0.8 it is in group 13, but from LV = 3.0 it 
o,g 
is in group C. 
10. On p. 2 12, the nature of the pos sihle anomaly in M22 needs 
to be xplicitly stat d. As it stands, th discussion i s 
confusing. 
11. In diiscils sing l 0 C n, it would be useful to gi v the sol cc tion 
criteria u s d for th n w stars. Fig. 1 n p.176 show _ome 
decrea c in sea tter as y u go fainter on the <Ji<lnt brAn Ii. 
Is this significant? 
